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SUMMARY
Osteoarthritis (OA) is a joint degenerative disease that affects over 30.8 million
adults in the U.S. OA progression is a complex process involving different patho-
logical mechanisms in the articular cartilage, the synovial membrane and the sub-
chondral bone. Treatment at early stages is limited to systemic pain management
using analgesics and non-steroidal anti-inflammatory drugs (NSAID). Later, when
the symptoms are more severe, OA is treated with intra-articular injections of cor-
ticosteroids and visco-supplements such as hyaluronic acid (HA). However, these
therapies only offer short term pain relief because they act as anti-inflammatory
and lubricating agents respectively and do not mitigate OA progression. Addi-
tionally, these compounds are subjected to rapid clearance from the joint space.
Finally, at late stages of OA patients often require total joint replacement.
Currently, there are no FDA-approved drugs able to mitigate or halt OA pro-
gression. Recent research has led to the discovery of multiple disease modify-
ing drugs that have shown promising results in pre-clinical models of OA. Despite
these efforts, the translation of these molecules to the clinic has been challenging
in part because of the scarcity of appropriate drug delivery vehicles and the lack
of understanding of drug effects on different intra-articular tissues involved on the
progression of the disease.
Therefore, the objective of this project was to design an improved intra-articular
(IA) drug delivery vehicle using peptide-functionalized poly(ethylene glycol) (PEG)
microgels targeting different tissues within the joint to address problems related
to intra-articular retention and tissue-specific drug delivery. In studies presented
in Chapter 3, I used a microfluidic device to synthesize PEG microgels containing
xx
poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) loaded with a model drug
such as Rhodamine B. This delivery vehicle with nano-composite design allowed
for loading and sustained release of small molecules. In Chapter 4 it is demon-
strated that functionalization of PEG microgels with targeting peptides led to spe-
cific binding of these delivery devices to bovine articular cartilage sections and
synoviocytes in vitro. Finally, in Chapter 5 the IA retention of the engineered drug
delivery system and their effect on the joint health in a rat model of OA was evalu-
ated. PEG microgels did not negatively impact joint health and OA progression and
were retained in the intra-articular space for at least 3 weeks. Also, synoviocyte-
targeting PEG microgels were shown to be retained within the synovial membrane.
Overall, this work provides an intra-articular drug delivery vehicle that in addi-
tion to controlling the release of small molecule drugs, allows for improved intra-
articular retention and specific binding to tissues involved in OA progression such
as articular cartilage and synovium. Also, considering that PEG microgels are tun-
able systems that could also be used for the encapsulation of biologics and cells,
this work may provide a better tool to study the effects of a combination of ther-
apeutic strategies (small molecules, proteins, nucleic acids and cells) on specific
joint tissues. This work is expected to contribute to the screening of therapy strate-




Osteoarthritis (OA) affects 30.8 million adults in the U.S and is the leading cause
of disability in the country [1]. OA pathophysiology is not fully understood and was
originally described as a progressive degradation of the articular cartilage. How-
ever, more recent evidence demonstrates that OA is a multi-tissue disease and
its progression is determined by the interaction of different pathological processes
occurring in the articular cartilage, the subchondral bone and the synovium [2, 3,
4]. OA treatment is currently limited to systemic pain management using NSAIDs
and week opioids, whose long-term use has been associated with adverse effects
on the gastrointestinal, renal and circulatory system [5, 6]. Intra-articular injection
offers a localized route of administration, which could reduce systemic exposure
to therapeutic molecules and therefore, minimize their off-target effects on other
organs [7]. However, after intra-articular injection, small molecule drugs (<900 Da)
are subjected to rapid clearance via lymphatics and capillaries drainage. Conse-
quently, the time that these drugs are retained in the joint space is not sufficient for
them to elicit a therapeutic effect [8]. Hence, a drug delivery vehicle that provides
sustained release and prolonged intra-articular retention time is needed.
Currently there are no FDA-approved disease modifying drugs able to slow OA
progression. However, recent research has proposed multiple molecular targets
related to OA progression including IL-1β, TNFα, β-NGF, MMP and their receptors
[9, 3]. However, these molecular targets may be involved in different biological
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roles depending on their location in the joint. Therefore, a drug could have two
different therapeutic effects on two distinct articular tissues [3]. For example, non-
steroidal anti-inflammatory drugs (NSAIDs), which are often administered for pain
management, have been related to reduced proteoglycan secretion which exacer-
bates cartilage degradation [10]. Furthermore, intra-articular injection of TGF-β1
has been shown to be beneficial for cartilage repair, but it increases synovium hy-
perplasia and induces the formation of cartilage-like tissues in ligaments and syn-
ovium [11]. Also, corticosteroids such as dexamethasone act as anti-inflammatory
drugs on the synovial membrane, but have protective anti-catabolic effects on the
articular cartilage [12, 13].
Thus, in order to develop a successful disease modifying strategy to treat OA
it is important to design drug delivery systems able to prolong the intra-articular
drug retention time and target specific tissues within the joint. This strategy would
not only provide drugs sufficient time to exert their therapeutic effect, but would
also mitigate the secondary effects that drugs may have on different intra-articular
tissues.
Therefore, the primary objective of this project was to engineer synoviocyte
and articular cartilage-binding small molecule drug delivery vehicles for prolonged
intra-articular treatment of OA. The central hypothesis is that peptide-functionalized
polyethylene glycol (PEG) microgels containing drug-loaded poly(lactic-co-glycolic)
acid (PLGA) nanoparticles will support small molecule drug sustained release, will
be able to specifically bind to the synovial membrane and the articular cartilage
and will be retained in the intra-articular space for a prolonged period compared
to free small molecules. The central hypothesis will be tested with the following
specific aims:
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1.1 Specific Aim 1
Design nano-composite PEG microgles containing PLGA nanoparticles to
achieve small molecule drug loading and sustained release.
The working hypothesis is that small molecule drugs directly loaded into PEG
microgels will rapidly diffuse through the gel’s mesh leading to burst release, while
PEG microgels containing drug-loaded PLGA particles will exhibit a sustained drug
release. PLGA nanoparticles loaded with a model small molecule fluorophore were
synthesized and encapsulated into PEG microgels. Nanoparticles encapsulation
into microgels was characterized, as well as the small molecule release profile.
PEG microgels loaded with PLGA NPs showed to be a promising vehicle able to
control the release of model small molecules such as Rhodamine B over 2 weeks.
1.2 Specific Aim 2
Design synoviocytes- and articular cartilage- binding PEG microgels through
functionalization with targeting peptides.
The working hypothesis for this aim is that PEG microgels tissue-specific bind-
ing can be achieved using synoviocyte- and collagen type II-binding peptides co-
valently linked to the hydrogel network. Targeting assays of fluorescently labeled
peptide-functionalized microgels were performed using rabbit (HIG-82) and human
(SW-982) synoviocyte cell cultures and bovine articular cartilage sections to as-
sess for their ability to bind to tissues of interest in a specificity manner. PEG
microgels functionalized with synoviocyte- (HAP-1) and collagen type II-targeting
peptides (WYR) were shown to bind specifically to synoviocytes and articular car-
tilage, respectively.
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1.3 Specific Aim 3
Assess the IA retention of PLGA-loaded peptide-functionalized PEG micro-
gels and their effect on knee joint health in a rat model of OA.
The working hypothesis is that peptide-functionalized PEG microgels contain-
ing small molecule drug-loaded PLGA nanoparticles will increase the retention time
of the encapsulated small molecules and will specifically bind to articular cartilage
and synovium without inducing any joint degenerative changes after intra-articular
injection. For this purpose, the unilateral rat medial meniscus transection (MMT)
model was used. To determine the microgels intra-articular retention time and
their effect on joint health and OA progression, PLGA nanoparticles-loaded PEG
microgels, presenting binding peptides that were labeled with cyanine 7 (Cy7),
were injected bilaterally in the rat knee joints 3 weeks post-surgery. PEG mi-
crogels were tracked using an in vivo imaging system (IVIS) during the follow-
ing 3 weeks and then euthanized to evaluate the joint health via histology and
equilibrium partitioning of an ionic contrast (EPIC) agent via µCT. Results demon-
strated that PEG microgels were retained in the knee joints for at least 3 weeks
and did not affect the cartilage morphology or the synovial membrane thickness of
healthy or diseased joints. Also synoviocyte-binding microgels were found trapped
in the synovial membrane, while cartilage-binding microgels were not found within
the synovium. A cargo tracking study was also conducted to evaluate the reten-
tion time of a model small molecule (Cy7) encapsulated into PLGA NPs. Some
peptide-functionalized PEG microgels formulations significantly increased the re-
tention time of cyanine 7 compared to the free small molecule.
This project presents an innovative approach to achieve prolonged, tissue-
specific small molecule administration for osteoarthritis treatment. The design
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of the composite drug delivery vehicle addresses multiple shortcomings in cur-
rent OA therapies such as poor intra-articular drug retention and adverse side-
effects on non-targeted tissues. The ability of PLGA nanoparticles-loaded peptide-
functionalized PEG microgels to control the delivery of small molecule drugs, en-
hance the intra-articular retention in a rat model of OA and bind to cartilage and
synoviocytes in vitro demonstrate the potential of this delivery system to improve
the IA administration of disease modifying OA drugs. We expect the results pre-
sented in this dissertation to establish a promising platform for the screening and






Osteoarthritis (OA) is a joint degenerative disease characterized by cartilage loss,
which leads to joint pain, swelling and stiffness. OA affected 303 million people in
the world by 2017 [14] and 30.8 million adults in the U.S. by 2011 [15]. It is calcu-
lated that by 2020 OA will affect 50 million people in the U.S. [16]. In 2008 it was
estimated that around 14 million people over 25 years old were affected by knee
OA alone and around 50% of those cases would require a total knee replacement
[17]. Annual medical care expenses associated with OA are approximately $185.5
billion dollars annually in the U.S. [18]. In a country with rapidly aging population
and high incidence of obesity, the prevalence of OA is expected to increase. In
fact, projections show that by 2032, around 30% of adults over 45 are expected to
have consulted a physician for OA and around half of those cases would be related
to knee OA [19].
2.1.2 Disease progression
According to its cause, osteoarthritis can be classified in primary or idiopathic and
secondary OA. The former has its origin on non-traumatic conditions, where fac-
tors such as age and gender have been identified to play a role [20]. The latter,
is developed after a traumatic event or a mechanical misalignment [21]. In both
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cases, the etiology of OA is not fully understood, but it has been recently recog-
nized that it is a multifactorial disease. Joint injury, abnormal joint development,
metabolic disorders, obesity, age, biochemical reactions and inflammation have
all been reported as possible OA causes [21, 20]. Some research groups have
suggested that these factors could elicit changes in joint biology, mechanics and
structure leading to impaired joint remodeling and the associated progressive de-
generative changes characteristic of OA [22].
Originally, OA was thought to consist exclusively of articular cartilage degrada-
tion. However, recent findings indicate that OA affects the joint as a whole and
generates changes in other tissues such as the synovial membrane, subchondral
bone, ligaments and peri-articular muscles [21] (Figure 2.1). These changes lead
to bone remodeling and osteophyte formation, ligament laxity, weakening of peri-
articular muscles and joint swelling [21]. The exact mechanisms involved in OA
progression and the interplay between articular tissues remain under investigation
[4]. However, recent research has described biological mechanisms and measured
biomarker levels that have been used to partly recreate OA progression [7].
As OA advances, the articular cartilage experiences a continuous degeneration
process characterized by partial surface lamina loss, chondrocyte hypertrophy and
the appearance of cartilage fibrillations, calcified erosions and lesions [7]. These
morphological damage is accompanied by cartilage matrix compositional changes
such as proteoglycan depletion and collagen type II cleavage [23]. The increase in
catabolic activity during OA has been related to the activation of the nuclear factor
NF-κB in hypertrophic chondrocytes, synovium macrophages and fibroblasts, lead-
ing to the up-regulation of catabolic proteins including matrix metalloproteinases
(MMPs), aggrecanases, cathepsins and A disintegrin and metalloproteinase with
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Figure 2.1: Signs of knee OA. Osteoarthritis is characterized by synovial membrane
inflammation, osteophyte formation and articular cartilage degradation, which leads to a
decrease in proteoglycans and the formation of full thickness lesions.
thrombospondin motifs (ADAMTS) [7, 23, 16]. Moreover, the expression of trans-
forming growth factor beta (TGFβ) and vascular endothelial growth factor (VEGF)
in chondrocytes, promotes angiogenesis and results on blood vessel penetration
into the hypertrophic cartilage and calcification [23]. This unbalanced bone remod-
eling induces subchondral bone sclerosis, cysts and osteophyte formation, which
results in severe pain [23, 16]. Furthermore, the synovial membrane is affected
by the infiltration of T lymphocytes, neutrophils and macrophages [23]. These im-
mune cells secrete pro-inflammatory mediators, cytokines and chemokines such
as IL-1, IL-6, IL-15, TNFα, nictric oxide and prostaglandins, which further exacer-
bate joint inflammation and cartilage degeneration [24]. Additionally, synoviocytes
secretion of synovial fluid components is impaired, leading to poor viscous lubri-
cation and shock absorption capacity [7]. Despite the advances on elucidating the
mechanisms involved in OA progression, there is still much investigation needed
to develop appropriate disease-modifying OA drugs (DMOADs) [23, 7, 16].
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2.2 Current clinical treatments for osteoarthritis
2.2.1 Non-pharmacological management
Non-pharmacological approaches constitute the first line of treatment at early stages
of OA progression. These strategies aim to reduce the pain and improve the joint
functionality. It has been demonstrated that the absence of mechanic loading in-
creases cartilage degeneration [25]. Similarly, excessive mechanic stimuli are also
deleterious for joint health [21]. Therefore, weight management and physical ther-
apy are key components of non-pharmacological OA treatment. Exercises types
recommended for OA patients at this stage include proprioception, stretching and
resistance [21]. However, giving the progressive character of this disease, patients
often require pharmacological treatment.
2.2.2 Pharmacological management
Currently there are no approved disease modifying drugs able to reduce OA pro-
gression. Therefore, treatment is limited to pain management and the regime de-
pends on the severity of the disease. Commonly used medications include sys-
temic administration of opioids and cyclooxygenase inhibitors such as acetaminophen
and non-steroidal anti-inflammatory drugs (NSAIDs). However, their prolonged use
is limited due to their secondary effects on the gastrointestinal, renal and cardiac
systems, especially in the elder population that often presents a wide range of
comorbidities [26, 27, 7, 21]. Therefore, the use of topical NSAIDs is a safer alter-
native, but their use has only been shown to be effective during the first two weeks
of use [28]. Moreover, recent clinical studies have shown that acetaminophen is
inferior to NSAIDs and not-superior than placebo for pain management in mod-
erate and severe OA patients [25]. In the case of opioids, increasing awareness
regarding their chronic use has limited their administration for long-term pain man-
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agement. Also, some studies have shown that opioids do not improve pain scores
in OA patients compared to NSAIDs [29, 30].
Other alternative to alleviate the pain is the use of dietary supplements, which
present fewer systemic side effects and account for US$25 billion annual sales
[31]. Around 69% of OA patients take oral supplements for pain management,
with glucosamine and chondroitin sulfate being the most consumed compounds,
accounting for a third of the oral supplements market value (US$872 million annual
sales) [31]. Liu et al. in a meta-analysis study reviewed 69 randomized placebo-
controlled clinical trials that evaluated the effect of 20 individual oral supplements
for the treatment of hand, hip or knee OA. The results demonstrated that at long
term (>6 months), no supplements exhibited a clinically important effect on pain or
physical function and only green-lipped mussel extract and undenatured type II col-
lagen showed a significant clinical effect on pain reduction between 4 and 6 months
[31]. According to this meta-analysis study, despite glucosamine and chondroitin
being the most investigated and consumed supplements, they only statistically im-
prove pain scores at short term (<3 months), but their clinical effect is debatable
[31]. Additionally, clinical trials and meta-analysis studies have shown that the use
of glucosamine and chondroitin sulfate in combination does not induce a relevant
reduction in pain compared to placebo [32, 33, 34]. Only one of these clinical
studies suggested that the combination of glucosamine and chondroitin may be
beneficial only in patients with moderate to severe joint pain [33].
To overcome many of the limitations related to systemic drug administration,
intra-articular (IA) injections raise an alternative that offers a more localized treat-
ment. IA injection of corticoids has been shown to reduce pain scores and in-
crease joint functionality due to their anti-inflammatory and immunosuppressive
10
effects. Corticoids reduce pain and inflammation by decreasing IL-1 production,
prostaglandins, leukotrienes and metalloproteinases [21, 35, 36]. However, their
long term efficacy is questionable primarily due to the short retention time. For
example, the intra-articular half-life time of cortisone and dexamethasone are 1.46
h and 3.6 h respectively [37, 38].
Hyaluronic acid (HA) is one of the principal components of the synovial fluid,
produced by synoviocytes, chondrocytes and fibroblasts [39]. In healthy joints,
it provides viscous lubrication, impact absorption and is thought to have anti-
inflammatory and chondroprotective properties [39]. However, these protective
characteristics are diminished in OA due to a reduction in HA concentration and
molecular weight [36]. Therefore, IA injection of HA has been used as a visco-
supplement with the intention of restoring healthy synovial fluid properties [21].
Although clinical trials, systematic reviews and meta-analysis studies on the effect
of HA injection on joint pain present confounding results, primarily due to a high
variability in HA formulations and small sample size, most evidence suggest that
visco-supplementation may be a safe alternative to achieve clinically relevant pain
reduction [39]. Meta-analysis studies have shown that HA induces a statistically
significant improvement in pain relief, but fails to demonstrate a minimal clinically
important difference compared to placebo [40, 41]. However, some evidence sug-
gest that high molecular weight or cross-liked HA formulations are able to induce
a clinically relevant reduction in knee pain [40, 42].
Overall, the OA treatment alternatives described in this section, only intend to
reduce OA symptoms, but do not prevent or slow down the disease progression.
Additionally, most of the currently available treatment options have shown to be
ineffective or induce severe systemic adverse effects, which emphasize on the
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need of discovering novel disease modifying therapeutics for OA treatment.
2.3 Novel targets for OA treatment and drug candidates
Considering that OA is a complex disease that affects the whole joint, in addition
to pain, pathways related to inflammation, cartilage catabolism and subchondral
bone remodeling have become targets of interest to develop disease modifying
drugs. Regarding inflammation, inhibition of the nuclear factor NF-κB or individual
downstream proteins (IL-1β, TNF-α, β-NGF, MMPs) has been investigated [43, 44].
A phase I and II clinical study for a small molecule NF-κB inhibitor, SAR113945,
demonstrated drug tolerability but failed to show effectiveness 56 days after intra-
articular administration [45].
Compounds such as recombinant human fibroblast growth factor 18 (Sprifer-
min) that intended to inhibit cartilage catabolic activity have been evaluated. A
phase I clinical trial demonstrated that Sprifermin-treated patients presented a re-
duction in lateral femorotibial cartilage thickness and volume loss compared to
placebo control. However, patients in all experimental groups, including placebo,
exhibited improved symptoms as determined by the Western Ontario and McMas-
ter Universities Osteoarthritis Index (WOMAC) [46]. Other promising molecule,
Kartogenin, has been shown to promote chondrogenic differentiation and reduc-
tion of OA progression in pre-clinical animal models [47, 48, 49]. Finally, DMOADs
that affect subchondral bone such as the bone resorption inhibitor, salmon calci-
tonin and the anti-osteoporotic agent strontium ranelate have been suggested to
have promising effect on OA progression [7].
Although OA pathogenesis is not fully understood and does not seem to have
an inflammatory origin, some researchers believe that synovial inflammation plays
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a key role on disease progression and have suggested the use of anti-rheumatic
drugs as possible OA treatments [50, 51]. In fact, anti-rheumatic drugs have shown
promising results on in vitro models and animal studies, but their efficiency in clin-
ical trials is still questionable [52]. Persson et al. in a systematic review and
meta-analysis study evaluated placebo-controlled clinical trials that investigated
the efficacy of FDA-approved anti-rheumatic drugs as possible OA treatments [51].
In the study, small molecule drugs and biologics were investigated, including hy-
droxychloroquine, methotrexate, anakinra, adalimumab and etanercept. Results
demonstrated that although these treatments induce a significant reduction in pain
metrics, this effect is not clinically relevant [51].
2.4 Intra-articular (IA) drug delivery strategies in OA
Despite the encouraging advances in the discovery of DMOADs, the translation of
these drugs into the clinic is limited given the hostile pharmacokinetics of the joints.
Free small molecule drugs and even proteins injected in the joint space are rapidly
cleared via lymphatics and capillaries and their retention time does not exceed
few hours (Table 2.1). Also, most of them have poor water solubility and require
a delivery system in order to be administered via IA injections [7, 53, 3]. Multiple
intra-articular drug delivery vehicles including hydrogels, liposomes, nanoparticles
and microparticles have been formulated and will be discussed in the following
section.
2.4.1 Hydrogels
Hyaluronic acid (HA) is the only formulation currently approved for OA treatment as
a lubricating agent [26, 27, 7, 3]. Various products use HA formulations as a lightly
cross-linked hydrogel (Synvisc-ONE®, EUFLEXXA®, Gel-One® and MonoVisc®)
[39]. Therefore, it is an attractive alternative to use as drug delivery vehicle. Mul-
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Table 2.1: Half-life of different molecules after intra-articular delivery.
Molecule Half-Life (h) Molecular Weight (Da)
Paracetamol [54] 1.10 151
Ibuprofen [55] 2.20 206
Naproxen [56] 1.6 230
Ketoprofen [56] 1.90 254
Diclofenac [54] 5.20 296
Cortisone [38] 1.46 360
Dexamethasone [37] 3.60 392
Methotrexate [57] 2.90 454
Hyaluronic Acid [8] 13.20 6,000
IL-1Ra [58] 23.04 65,400
Bovine Serum Albumin (BSA) [59] 15.12 66,000
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tiple research groups have shown that drug-loaded HA hydrogel formulations can
be used to reduce the frequency of intra-articular injections compared to free drug
[60, 61]. However, the retention of HA cross-linked formulations is still a concern.
Yoshioka et al. demonstrated that the commercially available cross-linked HA for-
mulation Gel-One®, can not be detected in the synovial fluid of rabbit knee joints
after day 7, only 30% is retained in the synovial membrane at day 7 and 3.3% at
day 28 [62].
In an attempt to improve hydrogel intra-articular retention time, the use of syn-
thetic hydrogels has been explored. For example, poly(caprolactone-co-lactide)-
poly(ethylene glycol)-poly(caprolactone-co-lactide) (PCLA-PEG-PCLA) hydrogel,
used to deliver celecoxib to horse knees, showed that the drug could be detected
at day 28 in the synovial fluid, but more than 90% of it was cleared by day 7 [63].
Despite these advances, hydrogels serve as drug depots but are unable to con-
trol small molecule drug release rate because their mesh size is usually orders of
magnitude larger than the loaded drugs [64, 65].
2.4.2 Liposomes
Liposomes are an attractive option for intra-articular drug delivery because they
can provide controlled release rates of both lipophilic and water-soluble drugs.
Also, compared to crystalline drug suspensions formed by hydrophobic drugs upon
IA injection, liposomes are less inflammatory [66]. Studies have shown that lipo-
somes loaded with a model small molecule such as the contrast agent iohexol
increased the retention time of the free drug from 3h to 124h [67]. However, lipo-
somes have limited long term stability and are not mechanically strong enough to
withstand the pressure present in the intra-articular space [64, 7, 68].
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2.4.3 Nanoparticles and microparticles
An alternative to overcome the mechanical instability of liposomes is the use of lipid
or polymeric nanoparticles as IA drug delivery systems. These vehicles have been
shown to be susceptible to microvascular and synovial macrophage-mediated drainage
and can be retained in the joint space only for few weeks, depending on their size,
charge and composition [7, 69, 70, 71].
The use of larger particles that could better avoid vascular drainage is a poten-
tial strategy to achieve IA drug sustained release over longer periods of time. In
fact, polycaprolactone (PCL) microparticles with an average size of 16 µm were
found to remain in the joint space of rats for up to a month [72]. Janssen et al.
synthesized celecoxib-loaded polyester amide (PEA) microspheres with a mean
particle size of 25 µm and were able to detect around 20% of the injected PEA
12 weeks after IA injection in Lewis rats [73]. Additionally, the company Flexion
Therapeutics recently received FDA approval to commercialize ZILRETTA®, an IA
formulation of 45 µm triamcinolone acetonide-loaded PLGA microparticles for pain
management in OA patients. The associated clinical trials revealed persistent pain
relief until 3 months post-treatment [74, 75]. All together, these studies show the
potential of microparticles to provide a sufficient IA retention time able to ensure
drug bioactivity during a relevant therapeutic window [7].
2.5 The importance of targeting for IA drug delivery
A wide variety of small molecule drugs are being studied for the treatment of
OA. These drugs can be classified according to their function as analgesic, anti-
inflammatory, cartilage-protective or bone resorption inhibitors [7]. Depending on
their function, these drugs act on specific biologic targets present in different tis-
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sues within the joint [3]. Studies have shown that non-tissue specific delivery of
these drugs may result in unwanted effects on other tissues in the joint. For
example, the use of NSAIDs have been related to reduced proteoglycan secre-
tion, thereby increasing cartilage degradation [10]. Other groups have shown
that nerve growth factor (NGF) blockade for pain relief had serious adverse ef-
fects including OA progression and osteonecrosis in a phase III clinical trial [76].
Therefore, drugs that act on inflammatory and pain pathways should primarily tar-
get the synovium, where these processes occur [3]. Likewise, drugs that induce
chondrogenesis should be preferentially delivered to the articular cartilage in order
to prevent adverse effects on the surrounding tissues. Intra-articular injection of
TGF-β1, although beneficial for cartilage repair, increases synovium hyperplasia
and induces the formation of cartilage-like tissues in ligaments and synovium [11].
Similarly, kartogenin (KGN), found to promote chondrogenesis of primary mes-
enchymal stem cells, has been studied for its ability to repair cartilage lesions and
promote cartilage formation in OA pre-clinical models as well as in animal studies
of tendon-to-bone injury repair [47, 77, 78, 79, 80, 48]. However, Zhang et al.
showed that free KGN injection into a rat model of tendon-to-bone injury resulted
in excessive cartilage-like tissue formation in unintended areas and overgrowth of
surrounding tissues [77].
All together, these studies show the need to engineer tissue-specific drug de-
livery vehicles for the treatment of OA. Active tissue targeting can be achieved
by drug delivery vehicle functionalization with affinity ligands including antibodies,
antibody fragments, peptides, aptamers and small molecule ligands [68]. In the
context of OA very limited research has been conducted in this regard.
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2.5.1 Cartilage targeting
Targeting cartilage ECM components such as collagen type II and aggrecan has
gained attention as a promising strategy to target damaged areas of the articu-
lar cartilage where these components get exposed. In fact, monoclonal anti-type
II collagen antibodies (MabCII) have been used in multiple drug delivery and di-
agnostics applications[81, 82, 83]. For example, Cho et al. demonstrated that
nanosomes functionalized with a collagen type II monoclonal antibody are able to
bind cartilage tissue proportionally to the severity of the disease in a mice model
of OA after systemic administration [83]. Also, single-chain antibody variable frag-
ment (scFv) specific to reactive oxygen species (ROS)-modified collagen II have
been reported [81].
More recently, the use of phage display technology has resulted in the discovery
of tissue-specific peptides, which compared to larger proteins such as monoclonal
antibodies, offer the advantages of being easier to manufacture, less immunogenic,
smaller in size and more stable. Nevertheless, compared to antibodies, peptides
can present lower binding affinity for their targets, which can be overcome by in-
corporating multiple peptide repeats in the drug delivery system [68]. Using this
technology, Yanbin et al. discovered a cartilage affinity peptide (CAP: DWRVIIP-
PRPSA) able to specifically bind to rabbit and human chondrocytes isolated from
a patient with OA. Compared to the scrambled peptide, conjugation of the CAP
peptide to 50 nm polyethylenimine nanoparticles demonstrated to be an effective
method to induce particles binding and internalization into chondrocytes in vitro
and 48 h after intra-articular injection into rabbit knee joints [84]. Later, Cheung et
al. discovered two peptide sequences (RLDPTSYLRTFW and HDSQLEALIKFM)
via phage display able to preferentially bind to aggrecan in vitro. However, no
scrambled control peptides were used and the ability of these sequences to bind
18
cartilage in vivo was not assessed [85]. Despite the efforts for developing novel
cartilage targeting moieties, these aggrecan-biding and CAP peptides have not yet
been used by other laboratories for intra-articular drug delivery or diagnostics ap-
plications.
Rothenfluh et al. reported the ligand WYRGRL as a collagen type II α1-targeting
peptide. Functionalization of poly(propylene sulphide) nanoparticles and subse-
quent IA injection in mice knees resulted in a 72-fold increase in cartilage-targeting
ability compared to nanoparticles functionalized with the scrambled control [86]. In
contrast to other reported peptides, this sequence has been successfully used in
pre-clinical models for diagnostics and drug delivery applications [86, 87, 88, 89,
5, 90]. In fact, the conjugation of WYR peptide to magnetic resonance imaging
(MRI) contrast agents has allowed the in vivo localization of cartilage hypertrophic
changes in a rat model of OA [88]. Other researchers have coupled this peptide to
near infra-red probes (NIR) for in vivo imaging and demonstrated that this system
is able to detect age-related decrease in collagen type II in mice [90]. Furthermore,
conjugation of WYR peptide to dexamethasone has proven to increase its reten-
tion into bovine articular cartilage explants and decreased the glycosaminoglycan
depletion in an in vitro model of OA [5].
2.5.2 Synovial membrane targeting
Although drug delivery into the articular cartilage has been recognized as a key and
very challenging aspect in the field, targeted delivery into the synovial membrane
has gained interest as well. Originally, synovium targeting emerged as a strat-
egy to minimize the secondary effects of systemic administration of NSAIDs and
other anti-inflammatory therapeutics. Two peptides able to bind to inflamed syn-
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ovial vasculature [91, 92], have been discovered via phage display and have shown
promising targeting results after systemic administration in small animal models of
rheumatoid arthritis [93, 94]. The first peptide was discovered by screening the
ability of peptides administered intra-venously (IV) to specifically bind to the vas-
culature of human synovium grafted into immunodeficient mice [91]. The resulting
peptide (CKSTHDRLC) was later used by Wythe et al. to formulate a fusion pro-
tein formed by the anti-inflammatory cytokine IL-4 and the synovium-targeting pep-
tide, and demonstrated that this construct elicited a biological response specifically
into human synovium grafts implanted into immunodeficient mice compared to the
scrambled control [93]. Up to date, this peptide has not been used in pre-clinical
models of OA. Later, another research group reported the discovery of a peptide
(ADK: CRNADKFPC) able to bind to inflamed synovial vasculature and showed
that intravenous administration of ADK peptide in a rat model of adjuvant arthritis
resulted in reduced inflammation scores, decreased T-cell trafficking and angio-
genesis inhibition [92]. Additionally systemic administration of ADK-functionalized
liposomes loaded with the immunomodulatory cytokine IL-27 resulted in in vivo
targeting of arthritic joints and significant reduction in rat paws inflammation com-
pared to non-targeting liposomes or free IL-27, in a rat model of rheumatoid arthritis
[94]. Despite these results, the ADK peptide is also able to bind to inflamed skin
[92] and the control scrambled sequence has not been characterized.
A different approach for synovium targeting was proposed by Mi et al. who
discovered a peptide (HAP-1: SFHQFARATLAS) that directly binds to synovio-
cytes and not the tissue vasculature [95]. HAP-1-functionalized liposomes loaded
with prednisone [96] or the anti-inflammatory NF-κB-blocking peptide [97] showed
promising results in terms of liposomes localization into the arthritic joints and the
reduction of rat paws inflammation after IV injection in a rat model of rheumatoid
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arthritis. Considering that synovium endothelium is not directly exposed to synovial
fluid but synoviocytes are, the most promising strategy to target the synovial lining
after IA injection could be HAP-1 peptide.
2.6 Poly(ethylene glycol) (PEG) microgels
Four-arm PEG-maleimide (PEG-4MAL) hydrogels offer a platform that could help
overcome some of the main limitations related to intra-articular drug delivery. This
hydrogel has been previously used for various tissue engineering applications due
to its low toxicity, facile incorporation and presentation of bioligands and high cross-
linking efficiency [98, 99]. In fact, PEG-4MAL macromer chemistry allows for easy
stoichiometric conjugation of thiolated compounds, via Michael-type addition reac-
tion, which could be used for the formulation of tissue-specific drug delivery ve-
hicles by incorporating targeting bio-ligands (Figure 2.2) [100]. Additionally, given
the fast cross-linking kinetics, this polymer can be used to synthesize micron-scale
gels (microgels) using a flow focusing microfluidic device, as previously done by
the Garcı́a Lab [101, 102, 103]. This device is able to form polymer droplets that
are subsequently cross-linked with the small molecule dithiothreitol (DTT) (Figure
2.3).
Figure 2.2: PEG-4MAL Chemistry. Michael-type addition reaction between PEG-4MAL
macromer maleimide groups and free thiol-containing molecules. This reaction can be
used to either functionalize the gel or to crosslink the network. Modified from Headen et
al. 2014 [101]
The device has three independent inlets for the flow of 1) Mineral Oil contain-
ing 2% SPAN 80 as a surfactant, 2) a cross-linker emulsion of aqueous DTT and
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mineral oil with SPAN 80 and 3) an aqueous solution of the desired concentration
of PEG-4MAL macromer. For ligand presentation, the PEG-4MAL macromer is
functionalized with the desired bioligand via Michael-type addition reaction prior
to its infusion into the microfludic device. Likewise, for cell encapsulation applica-
tions, PEG-4MAL solution can be mixed with cells before microgels formation [101,
102]. Droplet size can be controlled by changing the flow rates of the three flowing
solutions, however it is mainly determined by the device nozzle size [101]. This
technology has been shown to be very versatile and has been successfully used
to produce adequate vehicles for cell encapsulation and protein sustained release
[101, 102, 103], however its application for targeted small molecule drug delivery
is still unexplored. PEG-4MAL microgels could serve as promising drug deliv-
ery depots for intra-articular administration of therapeutic molecules, which due to
their micron-size could escape vascular drainage and improve the poor drug intra-
articular retention time often seen in arthritic joints.
Figure 2.3: Flow-focusing Microfluidic Device Design. PEG microgels synthesis us-
ing a microfluidic device with flow focusing geometry. A PEG-4MAL macromer aqueous
solution containing cells, proteins and/or nanoparticles is infused in the device. Macromer
flow stream is then cut by a mineral oil + 2% SPAN 80 phase to form droplets which are
then crosslinked by an emulsion of DTT in mineral oil and SPAN 80.
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2.7 Medial meniscus transection (MMT) rat OA model
Animal studies are necessary for the evaluation of new therapeutics and delivery
vehicles for the treatment of osteoarthritis. Multiple animal models of spontaneous
or surgically induced OA have been developed and characterized. Generally, spon-
taneous models of OA, although may recapitulate many aspects of idiopathic OA
progression in humans, develop very slowly [104], which makes the investigation
of new therapeutics highly time-consuming and expensive. In contrast, surgically
induced OA models mimic many aspects of post-traumatic OA, and the disease
progresses rapidly allowing for faster therapeutics or drug delivery vehicles screen-
ing [104].
A well-characterized small animal model of post-traumatic OA, widely used
for the evaluation of new drug candidates is the rat medial meniscus transection
(MMT) model. In this surgery-induced model, the joint space is exposed after the
medial collateral ligament (MCL) is cut, then the medial meniscus is transected
at its narrowest point. This results in joint instability which leads to many of the
changes seen in OA patients such as articular cartilage fibrillations and lesions,
proteoglycan loss and osteophyte formation at 3 weeks post-surgery [104, 105].
Local increased expression of inflammatory genes, joint swelling and macrophage
recruitment has been observed in this model [106, 107]. In order to character-
ize OA progression in this model, the Guldberg Lab has developed a contrast-
enhanced microcomputed tomography (µCT) technique named equilibrium par-
titioning of an ionic contrast agent via µCT (EPIC-µCT), which allows to obtain
quantitative 3D metrics related to changes in the joint such as articular cartilage
roughness, volume, thickness, lesion volume, proteoglycan loss, subchondral bone
thickening and osteophyte volume (Figure 2.4) [108].
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(a) (b) (c)
Figure 2.4: OA Progression in the Rat MMT Model. Representative images obtained
from EPIC-µCT. (a) Sham control shows smooth cartilage surface. Cartilage fibrillations,




DESIGNING A STRATEGY TO ACHIEVE SMALL MOLECULE DRUG LOADING
AND SUSTAINED RELEASE FROM PEG MICROGELS
3.1 Introduction
Micron-scale hydrogels or microgels could be an attractive drug delivery system for
the treatment of OA due to their prolonged retention time in the joint space [109].
A good polymer candidate to fabricate such systems is four-arm PEG-maleimide
(PEG-4MAL). The Garcı́a Lab has extensive experience utilizing this material for a
variety of tissue engineering applications due to its low toxicity, efficient incorpora-
tion and presentation of bioligands and fast cross-linking kinetics [98, 99]. This last
characteristic allows the synthesis of microgels using a flow focusing microfluidic
device, as previously done at the Garcı́a Lab for cell encapsulation and protein
delivery applications [101, 102, 103]. However, their large mesh size (30-40 nm)
represents a limitation to achieve sustained and controlled small molecule drug re-
lease [64, 65].
Therefore, the objective of this aim was to engineer a strategy to effectively load
and achieve sustained delivery of small molecules (<900 Da) from PEG microgels.
The working hypothesis was that small molecule drugs directly loaded into PEG mi-
crogels will rapidly diffuse through the gel’s mesh, while PEG microgels containing
a secondary drug-loaded delivery systems such as polymeric nanoparticles, will
exhibit a sustained drug release. The rationale is that small molecule drugs, de-
fined in the pharmacology field as compounds with molecular weighs lower than
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900 Da and a size around 1 nm [110] are too small compared to the hydrogel
mesh size and will rapidly diffuse out of the microgels. Therefore, to achieve small-
molecule sustained release, a drug delivery system needs to be incorporated into
the microgels. For this purpose, poly(lactic-co-glycolic) acid (PLGA) nanoparticles
encapsulated within the microgels network will be used to control the delivery of
small molecule drugs. PLGA nanoparticles have been extensively used in the drug
delivery field and are know to be a simple, yet effective strategy to achieve encap-
sulation and sustained release of hydrophobic small molecule drugs [111].
Nano-composite microgels such as those proposed in this aim have not been
reported as intra-articular drug delivery systems. This vehicles could serve as
drug-loaded nanoparticles depot for improved intra-articular retention. Additionally,
the development of PEG microgels able to deliver small-molecule drugs in a sus-
tained manner could expand the applications of these systems to simultaneously
deliver a combination of therapeutics such as cells, synthetic small-molecules and
biologics.
3.2 Materials and Methods
3.2.1 Materials
All chemicals were used as received. Poly(lactic-co-glycolic) acid (50:50, Mw:
24,000 - 38,000 Da), poly-vinyl-alcohol (Mw: 31,000 - 50,000 Da, 87-89% hy-
drolyzed), dichloromethane (anhydrous, ≥99.8%), mineral oil, SPAN80, bovine
serum albumin (BSA, ≥98%), Rhodamine B (≥95%) and methanol (anhydrous,
99.8%) were purchased from Sigma. Four-arm poly(ethylene-glycol)-maleimide
(20 kDa) was acquired from Laysan Bio, phosphate buffered saline (PBS) from
Corning, HEPES buffer (1M) from Life Technologies and ultra-pure dithiothreitol
(DTT) from Thermo Fisher Scientific.
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3.2.2 Synthesis of PLGA nanoparticles
PLGA particles containing model small molecules such as Rhodamine B and Cya-
nine 7, were synthesized by oil-in-water emulsion method. Briefly, 210 mg of PLGA
were dissolved in 6 mL of dichloromethane (DCM). To obtain PLGA nanoparti-
cles loaded with model small molecules, 1 mL of the desired compound solution
in DCM was added to the PLGA. Then, the mix was added to 50 mL of 1% poly-
vinyl-alcohol (PVA) in distilled water and sonicated using the VibraCell™ Ultrasonic
Processor (VCX 130 PB) at a 100% amplitude for 3 min. The obtained emulsion
was added to 50 mL 1% PVA solution and magnetically stirred for 4h to promote
DCM evaporation and particles formation. The resultant PLGA nanoparticles were
washed with distilled water three times via centrifugation at 16,000g for 10 min.
Finally, the particles were lyophilized and stored at -20°C. Nanoparticles size was
determined using dynamic light scattering (DLS).
3.2.3 Synthesis of PLGA-loaded PEG microgels
PEG microgels were synthesized using microfluidics technology. PDMS flow-focusing
devices with a nozzle size of 46.5±0.5 µm were fabricated using a soft lithography
from silicon and SU8 masters. Devices were plasma treated and bonded directly
to glass slides. Prior to use, devices were primed with an oil phase solution (2%
SPAN80 in light mineral oil). Then a 6% w/v 20 kDa PEG-4MAL solution in an
aqueous phase (PBS with Ca++ and Mg++ (PBS+/+): Optiprep (2:1) containing 20
mM HEPES) was infused into the microfluidic device to form polymer droplets,
which were cross-linked using an emulsion formed with one part of aqueous DTT
(30 mg/mL in PBS+/+ with 20 mM HEPES) and 14 parts of 2% SPAN80 in mineral
oil. The resultant cross-liked hydrogels were collected in a 15 mL conical tube
containing 1% bovine serum albumin (BSA) which acts as a surfactant to prevent
microgels aggregation. After formation, microgels were washed in 1% BSA solu-
27
tion five times by centrifugation at 1000g for 5 min to remove mineral oil and DTT.
In order to obtain PLGA-loaded microgels, PLGA nanoparticles were mixed
with the 6% w/v PEG-4MAL solution prior to infusion into the microfluidic device at
different concentrations (0.25%, 0.50% and 1.00% w/v). Size distribution of empty
and PLGA-loaded microgels was evaluated using microscopy image analysis in
ImageJ. Also, PLGA nanoparticles distribution inside the microgels was evaluated
using a Matlab image processing algorithm. For every microgel present in the con-
focal images, the fluorescent area that represents the encapsulated Rhodamine B-
loaded PLGA particles was measured as a percentage of the total microgel area.
Then, a distribution of the percentage fluorescent area per microgel was generated
(Appendix A.2).
3.2.4 Small molecule release profile characterization
Rhodamine B-loaded PLGA nanoparticles were prepared by oil-in-water emulsion
as described before. Rhodamine B was then extracted in methanol for 24 h and
the loading efficiency was measured using spectrophotometry at λex 553, λem 627.
Then, PEG microgels containing three different PLGA nanoparticles concentra-
tions (0.25%, 0.50% and 1.00% w/v) were prepared as described before. Their
Rhodamine-B release profile was compared to PLGA nanoparticles alone at a con-
centration comparable to the 1% PLGA microgels group. Four microgels batches
at the three different PLGA concentration were prepared using 27 µL of PEG pre-
cursor solution. Empty microgels were also synthesized and loaded with a Rho-
damine B solution (5 µg/mL) by physical entrapment. PLGA particles, empty and
PLGA-loaded microgels were then incubated at 4°C with constant stirring in a to-
tal volume of 200 µL of 1% BSA solution. At each time point microgels samples
were centrifuged at 1000g for 5 min and 150 µL of supernatant were taken for
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Rhodamine B release measurements. The taken volume was then replaced with
fresh 1% BSA solution. For PLGA nanoparticles alone a centrifugation speed of
16,000g was used instead. The relative cumulative release profiles were analyzed
using a zero- and first- order curve fit, which were compared for their goodness of
fit using the Akaike’s Information Criterion (AIC).
3.3 Results
3.3.1 PLGA nanoparticles and PEG microgels
PLGA nanoparticles exhibited a mean size of 337.5 ± 91.2 nm (Figure 3.1a). The
loading capacity was 3 µg of Rhodamine B per milligram of PLGA. Results show
that microfluidic technology can be used to obtain PLGA nanoparticles-loaded
PEG microgels with tight size distributions. All microgels formulations presented a
mean size between 50.43 and 51.44 µm with coefficients of variation (CV) bellow
6.5% (See Table 3.1). Also, PLGA encapsulation did not significantly affect the
microgel mean size, p-value>0.99 (Figure 3.1b).
(a) (b)
Figure 3.1: PLGA nanoparticles and PEG microgels size distribution. (a) PLGA
nanoparticles size distribution (b) Microgels size distribution is not affected by PLGA parti-
cles encapsulation at any of the evaluated PLGA concentrations.
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Table 3.1: PLGA NPs-loaded microgels mean size and coefficient of variance
(CV%).
PLGA NPs (% w/v) Mean diameter ± SD (µm) CV (%)
0.00 50.97 ± 2.65 5.20
0.25 50.43 ± 2.21 4.38
0.50 50.94 ± 3.28 6.44
0.10 51.44 ± 3.33 6.48
Figure 3.2a shows bright field and fluorescence images of PEG microgels con-
taining PLGA nanoparticles at different concentrations. Microgels loaded with
0.25% w/v PLGA nanoparticles exhibit an unimodal distribution, with microgels
containing on average 28% of their area filled with PLGA nanoparticles (Figure
3.2b). However, as the PLGA nanoparticles concentration increases, a bimodal
distribution is observed, with higher number of microgels presenting PLGA nanopar-
ticles in 10% and 90% of their area. This phenomenon is more pronounced in the
1.00% w/v PLGA group and can be attributed to the PLGA hydrophobic nature,
which leads to nanoparticle aggregation as its concentration increases in the pre-
cursor 6% PEG-4MAL solution. (Figure 3.2b).
3.3.2 Small molecule release profile
Figure 3.3 shows the obtained cumulative release profiles in both, absolute and rel-
ative scales. Empty PEG microgels released over 90% of their initial Rhodamine
B content in the first 2 h. However, the microgels containing Rhodamine B-loaded
PLGA nanoparticles presented a sustained release. Figure 3.3a shows that the
total released Rhodamine B can be controlled by simply changing the amount of




Figure 3.2: PLGA nanoparticles distribution inside PEG microgels. (a) Microgels
representative confocal images. Scale bar: 100 µm (b) Poisson distribution of the percent-
age area filled with PLGA nanoparticles per microgel at 0.25% PLGA, 0.50% PLGA and
1.00% w/v PLGA.
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obtained release profiles were better described by a zero- or first-order model, the
Akaike’s Information Criterion (AIC), which reports a probability that each model is
correct, was used. Results suggested that the obtained profiles could be modeled
using a zero-order release kinetics equation with a probability higher than 99%
compared to a first-order model. As expected, the release rate of Rhodamine B
from PLGA nanoparticles alone is comparable to the one observed for microgels
containing 1% w/v PLGA (Figure 3.3c). Figure 3.3b show that microgels containing
PLGA nanoparticles exhibit a release profile comparable to PLGA nanoparticles
alone, achieving around 50% drug release in 16 days. This results suggest that
the release rate is mainly controlled by the polymeric nanoparticles and not by the
hydrogel. Overall, these results support the hypothesis that small molecule drugs
are rapidly released from PEG microgels and need a secondary vehicle able to
control the release rate in order to achieve a sustained delivery.
The release rate will depend on the drug properties and the polymer charac-
teristics. In this case, PLGA nanoparticles either alone or encapsulated in PEG
microgels exhibited zero-order release kinetics. Typically PLGA nanoparticles con-
taining hydrophobic molecules exhibit a bi-phasic release profile [112, 113]. The
initial phase corresponds to the rapid burst release of drug molecules present at
the surface of the particles. Then, a diffusion-controlled slow release phase occurs,
which usually follows a near-zero order release kinetics [113]. Consistent with re-
search evaluating the release of different molecules from PLGA nanoparticles [114,
115], the rhodamine B release profiles obtained in this study demonstrated a zero-
order profile. It is possible to observe that the free PLGA nanoparticles group pre-
sented an initial burst release (10.02 ± 2.76% by day 1) followed by a zero-order
profile, while microgels formulations did not exhibit an initial fast release. This




Figure 3.3: Small molecule release profile from PLGA NPs-loaded PEG microgels.
Rhodamine B release profile from PLGA nanoparticles-loaded PEG microgels (Mean ±
SEM) (a) Absolute cumulative release. (b) Relative cumulative release. n=4. (c) Release
rate obtained from a zero-order model fit. Mean ± SEM, ANOVA demonstrated no signifi-
cant differences among groups, p-value: 0.1071.
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nanoparticles alone was significantly higher than that of PEG microgels groups (p-
value<0.0001). The lack of an initial burst release phase from PLGA nanoparticles
contained in PEG microgels could be attributed to the extensive washing steps in-
volved during their synthesis, which can easily remove the rhodamine B molecules
present at the PLGA nanoparticles surface.
3.4 Discussion
In this study, the possibility of using PEG microgels as small molecule drug deliv-
ery systems was investigated. The use of PEG-4MAL and microfluidics technology
allowed for microgels synthesis under physiological conditions. Compared to other
materials typically used for the fabrication of microgels as drug delivery systems
[116, 117, 118, 119, 120, 121, 122, 123], microfluidics synthesis of PEG-4MAL mi-
crogels does not require organic solvents, high temperatures or extreme pH, which
makes this technology compatible with other potential therapeutic agents such as
biologics, proteins and cells [101, 102, 100].
In this chapter, the use of a secondary drug delivery vehicle such as PLGA
nanoparticles was shown to be a simple, yet effective strategy to achieve small
molecule loading and sustained release from PEG microgels. Direct encapsula-
tion of small molecule drugs into hydrogels usually results on burst release due to
their rapid diffusion through the polymer mesh [101]. Therefore, other studies have
proposed the optimization of hydrogel chemical and physical properties to achieve
controlled release of drugs from a wide variety of systems. Control over the hydro-
gel mesh size, swelling ratio, the interactions between the drug and the polymer
network and hydrogel degradation rate, have all been used to achieve drug loading
and sustained release from hydrogel systems [124]. However, these techniques do
not allow independent control of hydrogel properties and drug release rate. Cova-
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lent conjugation of small molecule drugs to the hydrogel network has also been
reported as an alternative to achieve sustained small molecule release [124], but
this approach could interfere with the drug activity.
Hydrogels containing nano-stuctures, known as nano-composite hydrogels, orig-
inated as a strategy to improve hydrogel mechanical properties, confer specific
optical or magnetic characteristics and develop stimuli-responsive and catalytic
systems, particularly in macro-sized gels [125, 126, 127]. More recently, the incor-
poration of nano-scale drug delivery systems into macro-, micro- and nano-sized
hydrogels has open the possibility of independently controlling hydrogel properties
and drug release rate [116]. The proposed PLGA nanopoarticles-loaded PEG mi-
crogels take advantage of this hybrid design to achieve small molecule drug loading
and sustained release as demonstrated in this chapter, while independently con-
trolling PEG hydrogel properties to achieve specific tissue binding and prolonged
intra-articular retention as reported throughout this thesis dissertation.
Gelatin, chitosan, PEG, agarose and poly-(N-isopropylacrylamide) have been
used for the synthesis of multiple nano-composite micro- and nano-gels loaded
with metallic or polymeric nanoparticles, carbon nano-tubes and liposomes [116,
128, 117, 118, 119, 120, 121, 122, 123]. These formulations have been studied
for the passive or stimuli-responsive (i.e. temperature, pH, magnetic field) release
of small molecule drugs for applications in cancer and infection treatment, ocu-
lar drug delivery, spinal chord injury and inflammatory bowel disease [116]. Al-
though nano-composite microgels have been extensively studied for a variety of
biomedical applications, to the best of our knowledge this is the first time that a
nanoparticle-microgel hybrid system is reported as an intra-articular drug delivery
vehicle.
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Considering the complexity and multi-target nature of OA, the ideal intra-articular
drug delivery system for the treatment of osteoarthritis should allow drug sustained
release, be retained in the intra-articular space without inducing further joint de-
generative changes or significant synovial inflammation and support tissue-specific
drug delivery. The reported nano-composite PEG microgel system offers a highly
customizable platform that permits the control of drug delivery rate independently
of PEG hydrogel properties, which could be optimize to comply with all the afore-
mentioned design criteria. The results presented in this chapter demonstrated that
for 6% w/v 20 kDa PEG microgels, small molecule drug delivery is only controlled
by polymeric nanoparticles contained within the hydrogels. In this case, rhodamine
B was delivered from PLGA nanoparticles with zero-order release kinetics during
16 days. It is important to note that the exact formulation used for the studies re-
ported in this chapter may not be ideal for every small molecule. Depending on the
drug hydrophobicity, size and nature (synthetic or biologic), the nano-sized delivery
vehicle incorporated into PEG microgels will need to be optimized. In this regard,
polymeric nanoparticles such as PLGA are not always ideal and the use of other
types of delivery vehicles such as liposomes, micelles or solid lipid nanoparticles
may be required.
Although the encapsulation of gold nanoparticles and DNA aptamer-loaded
solid lipid nanoparticles into PEG microgels using microfluidic technology was ex-
plored, thorough characterization of small molecule controlled release from PEG
microgels was only conducted using one type of delivery system and rhodamine B
as model drug. To demonstrate the versatility of microfluidics technology, system-
atic evaluation of the encapsulation of multiple drug-loaded nano-sized structures
into PEG-based hydrogels would be needed. These future investigations could
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open the possibility of loading PEG microgels with a combination of nano-sized
delivery vehicles for the evaluation of combinatorial therapeutic strategies for OA
treatment. Thus, microfluidic technology could allow high throughput synthesis of
PEG microgels containing multiple drug-loaded nano-sized delivery systems with
different properties and independent release kinetics.
3.5 Conclusions
The results presented in this chapter support the hypothesis that PEG-4MAL mi-
crogels alone are not able to control the release rate of small molecule drugs,
thus an additional drug delivery system such as PLGA nanoparticles should be
incorporated into the microgels in order to achieve a sustained release. In par-
ticular, rhodamine B loaded into PLGA nanoparticles, was used as a model small
molecule drug, which was released following zero-order kinetics. However, mi-
crofluidics technology could allow the synthesis of versatile PEG microgels, which
could be used to encapsulate other drug-loaded nanoparticles vehicles in order to
achieve the desired release rate for a particular drug. The use of nano-composite
PEG-4MAL microgels could expand on the possibility of using complex delivery
vehicles for the release of a combination of therapeutics including synthetic small
molecules, biologics and cells for the treatment of OA.
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CHAPTER 4
ENGINEERING SYNOVIUM- AND CARTILAGE-BINDING PEG MICROGELS
THROUGH ACTIVE TARGETING STRATEGIES
4.1 Introduction
A variety of molecular targets and small molecule drugs for the treatment of OA
have been identified and are being evaluated for their ability to either reduce pain
and inflammation or to decrease OA progression in pre-clinical models[7]. How-
ever, off-target effects on surrounding tissues have hindered their translation into
the clinic [10, 76, 11, 77]. Molecules intended to reduce pain an inflammation,
processes that occur primarily in the synovial membrane, can negatively affect the
articular cartilage. Examples include NSAIDs and nerve growth factor (NGF) block-
ers, which reduce proteoglycan secretion and worsen OA progression [10, 76]. On
the other hand, drug candidates that have promising effects on articular cartilage
regeneration, have shown off-target effects. For example, intra-articular injection
of TGF-β1 increases synovium hyperplasia and induces the formation of cartilage-
like tissues in ligaments and synovium [11]. Moreover, the use of a chondrogenic
molecule, Kartogenin (KGN), in a rat model of tendon-to-bone injury resulted in
excessive cartilage-like tissue formation in unintended areas and overgrowth of
surrounding tissues [77].
Thus, the objective of this aim was to design cartilage- and synoviocyte-binding
PEG microgels using targeting peptides. The working hypothesis was that peptide-
functionalized PEG microgels will be able to specifically bind to synoviocytes or ar-
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ticular cartilage. The rationale for this hypothesis is that active targeting strategies
such as conjugation of targeting peptides to PEG microgels can be used to achieve
tissue-specific binding of these delivery vehicles. For this purpose, a cell targeting
peptide (HAP-1) able to bind to synoviocytes [95], and an ECM-targeting peptide
(WYR) shown to bind to collagen type II α1 [86] will be used to target synovium
and articular cartilage respectively.
In the future, tissue-specific intra-articular drug delivery vehicles could serve as
a platform to better study the off-target effects of drug candidates or facilitate their
translation into the clinic. Also, considering that OA is a complex disease involving
all intra-articular tissues, the proposed delivery system could offer the possibility of
engineering fine multi-target treatments for OA.
4.2 Materials and Methods
4.2.1 Materials
Articular cartilage- and synoviocytes-binding peptides were purchased from Gen-
Script. The amino acid sequences of the used peptides is shown in Table 4.1.
Cartilage-binding peptide (WYRGRLC) will be abbreviated as WYR, synoviocytes-
binding peptide (CSFHQFARATLAS) as HAP-1 and integrin-binding peptide (GRG-
DSPC) as RGD. Their scrambled sequences, YRLGRWC, CALSQAFRHAFTS and
GRDGSPC, will be referred as WYRsc, HAP-1sc and RDG, respectively. GibcoTM
Ham’s F12 nutrient mix and CellTracker GreenTM were purchased from Thermo
Fisher Scientific. Human synovial sarcoma cell line (SW982), rabbit fibroblast-like
synoviocytes (HIG-82) and mouse myoblasts (C2C12) were purchased from ATCC,
mouse preosteoblasts (MC3T3-E1) were acquired from RIKEN.
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4.2.2 Synthesis of peptide-functionalized PEG microgels
Peptide-functionalized PEG microgels were synthesized using microfluidics tech-
nology as described in Chapter 3 with minor modifications. PEG-4MAL macromer
solution (6% w/v) was reacted at room temperature and pH 7 with 1 mM of cartilage-
targeting peptide (WYR), synoviocyte-targeting sequence (HAP-1), integrin-binding
peptide (RGD) or their respective scrambled controls, resulting in a maleimide
(MAL) to peptide ratio of 12:1. Then, the functionalized 6% w/v macromer solu-
tion was infused into the microfluidic device to form microgels as described be-
fore. Studies conducted in the Garı́a laboratory using RGD demonstrate that for
MAL:peptide ratios of 1:1 and higher, this is a very efficient reaction that presents
near 100% of peptide incorporation [100]. Therefore, a final 1mM peptide concen-
tration will be assumed for all the peptides used in this study.










4.2.3 Peptide-functionalized PEG microgels binding assays
The selected peptides HAP-1 and WYR are expected to target synoviocytes and
articular cartilage respectively. However, their targeting mechanism is different.
HAP-1 peptide has been shown to bind to rabbit synoviocytes, but the exact mech-
anism and targeted receptor is still unknown [95]. In contrast, WYR sequence
has been proven to bind specifically to collagen type II α1 [86] and not directly to
chondrocytes. Therefore, to conduct binding assays for these peptides, two plat-
forms were used. First, synoviocytes were cultured in monolayer to asses HAP-1-
functionalized PEG microgels binding ability. On the other hand, a collagen type II-
rich tissue such as fresh bovine cartilage was used to evaluate WYR-functionalized
microgels. These two experimental platforms are described below.
Cell monolayer platform: synoviocytes targeting peptide (HAP-1) binding and speci-
ficity assays
To evaluate the ability of HAP-1 peptide to bind specifically to synoviocytes, rab-
bit and human synoviocytes (HIG-82 and SW982), mouse myoblasts (C2C12) and
mouse preosteoblasts (MC3T3-E1) were cultured in a 24-well plate at an initial
seeding density of 100,000 cells/well for one day to achieve over 95% confluency.
C2C12 and MC3T3-E1 cell lines were used as negative controls to assess micro-
gels binding specificity. Cells were then stained using CellTracker GreenTM accord-
ing to the manufacturer’s instructions.
PEG microgels containing Rhodamine B-loaded PLGA particles and function-
alized with either 1 mM HAP-1, HAP-1sc, RGD or RDG (n = 4 wells per group)
were suspended in growth media (Ham’s F12 media supplemented with 10% fetal
bovine serum (FBS)) and incubated with the different cell lines for 30 min (500 µL
of microgels solution per well). For this experiment, the peptide RGD was used
as positive control because it is recognized by 12 out of 20 known integrins [129],
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thus it was expected to bind any of the used cell types. Then, unbound microgels
were washed three times using growth media. Ten images per well were taken at
random positions using confocal microscopy and bound microgels were manually
quantified. Data was subjected to a natural logarithm transformation to correct for
its non-normality and heteroscedasticity and then analyzed via a one-way nested
ANOVA [130].
Bovine cartilage platform: cartilage targeting peptide (WYR) binding and specificity
assay
The binding assays to evaluate the cartilage targeting peptide WYR and its scram-
bled control (WYRsc) were conducted on 10 µm thick fresh bovine cartilage frozen
sections. This system was chosen because WYR peptide has been shown to bind
to collagen type II α1 [86], therefore a collagen II-rich surface, such as bovine
cartilage was desired. Sections of approximately 1 cm2 were stained with DAPI
and incubated for 30 min with 100 µL of WYR or WYRsc-functionalized PEG mi-
crogels at a concentration of 170,000 microgels/mL in growth media (10% FBS
supplemented Ham’s F12 media). Three cartilage sections were analyzed. Then,
samples were washed twice using growth media to remove unbound microgels.
A minimum of 7 randomly located images per sample were taken using confocal
microscopy and bound microgels were then manually quantified.
To assess for the specificity of the cartilage-targeting peptide and confirm that
it does not bind to synoviocytes, a microgels binding assay was conducted using
the HIG-82 cells monolayer platform as described in section 4.2.3.
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4.3 Results
4.3.1 Synoviocytes targeting peptide (HAP-1) binding and specificity assays
Microgels functionalized with synoviocyte-targeting peptide (HAP-1) were evalu-
ated for their ability to specifically bind to synovial cells. As expected, Figure 4.1
shows that positive control microgels, functionalized with RGD peptide, bind to all
evaluated cell types to a greater extent compared to its scrambled control RDG.
Moreover, HAP-1-functionalized PEG microgels bind to rabbit synoviocytes to
the same level as RGD microgels but in a specific manner as evidenced by their
lower binding capacity to C2C12 and MC3T3-E1 cells. Also, HAP-1sc presented a
binding level comparable to RDG negative control microgels in all cell types. These
results demonstrate that HAP-1 is able to bind specifically to rabbit synoviocytes
allowing for active binding of functionalized PEG-4MAL microgels.
HAP-1 peptide, was discovered via phage display using HIG-82 rabbit synovio-
cyte cells [95]. Therefore, to evaluate if PEG microgels functionalized with HAP-1
are able to bind to human synoviocytes as well, binding assays using a cell mono-
layer system were conducted with synovial human sarcoma cell line SW982. In
this case, rabbit synoviocytes (HIG-82) were used as a positive control cell line and
RGD-functionalized PEG microgels were utilized as a positive control formulation.
Figure 4.2 shows representative confocal images and quantitative data confirm-
ing the feasibility of using HAP-1 peptide to target human synoviocytes via PEG
microgels as well. As expected and consistent with previous experiments, RGD-
conjugated PEG microgels bind synovial human sarcoma cells at a higher level
compared to RDG control. Also, HAP-1-functionalized microgels bind to SW982
cells to level comparable to RGD and present higher binding capacity compared to




Figure 4.1: HAP-1 peptide-functionalized PEG microgels binding to rabbit synovio-
cytes. (a) Representative confocal images of PEG microgels (red) bound to cells stained
with Cell Tracker GreenTM. Scale bar: 200 µm. (b-d) Bound microgels quantification. RGD-
functionalized microgels bind to rabbit synoviocytes (HIG-82), mouse myoblasts (C2C12)
and mouse pre-osteoblasts (MC3T3-E1). HAP-1 peptide-functionalized PEG microgels
bind to synoviocytes (HIG-82) to the same extent as RGD-functionalized microgels and is
specific for HIG-82 cells. Mean ± SEM, *p<0.05 compared to RGD, #p<0.05 compared to
HAP-1, n = 4 wells, 10 images per well. Nested-ANOVA
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4.3.2 Cartilage targeting peptide (WYR) binding and specificity assays
WYR-functionalized PEG microgels were evaluated for their ability to specifically
target collagen type II present in bovine articular cartilage fresh frozen sections.
Figure 4.3 show that WYR-functionalized PEG microgels bind to bovine cartilage
to a greater extent than the scrambled control (WYRsc). This results demonstrate
that WYR conjugation of PEG microgels can be used to achieve binding to articular
cartilage.
(a) (b)
Figure 4.3: WYR peptide-functionalized PEG microgels binding assays. (a) Rep-
resentative confocal images of PEG microgels (red) bound to bovine articular cartilage
sections stained with DAPI (blue). Scale bar: 100 µm. (b) WYR-functionalized microgels
bind to bovine cartilage sections to a higher level than the scrambled control WYRsc. Mean
± SEM, n=3, *p<0.05.
Then, to evaluate if the WYR-functionalized PEG microgels specifically bind to
articular cartilage, a binding assay was conducted using a synoviocyte monolayer




Figure 4.2: HAP-1-functionalized PEG microgels binding to human synoviocytes.
(a) Representative confocal images of PEG microgels (red) bound to cells stained with Cell
Tracker GreenTM. Scale bar: 100 µm. Bound microgels quantification. RGD- and HAP-1-
functionalized microgels bind to (b) rabbit synoviocytes (HIG-82) and (c) synovial human
sarcoma cells at a higher level than negative control microgels (RDG and HAP-1sc). Mean
± SEM, *p<0.05 compared to RGD, #p < 0.05 compared to HAP-1, n = 4 wells, 10 images
per well.
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PEG microgels bound to synoviocytes to a greater extent compared to negative
control microgels (RDG and HAP-1sc), while WYR-microgels exhibited binding
levels comparable to those of the negative controls RDG, HAP-1sc and WRYsc
(Figure 4.4). These results confirm that WYR-functionalized microgels do not pref-
erentially bind to synoviocytes and could be a promising strategy to achieve spe-
cific binding to articular cartilage.
4.4 Discussion
In this chapter, the possibility of using tissue targeting peptides to achieve PEG
microgels specific binding to articular cartilage and synoviocytes was investigated
in vitro. PEG-4MAL microgels were functionalized with previously discovered tar-
geting peptides [86, 95] and their binding ability to tissues of interest and specificity
was demonstrated. In particular microgels functionalized with HAP-1 peptide ex-
hibited higher binding levels when incubated with rabbit and human synoviocytes
than other cell types such as myoblasts and pre-osteoblasts, demonstrating its
binding specificity for fibroblast-like synovial cell lines. On the other hand, mi-
crogels functionalized with the collagen type II targeting peptide (WYR) bound to
bovine articular cartilage and presented low binding when incubated with rabbit
synoviocytes.
Osteoarthritis treatment has evolved towards a more localized therapy in recent
years. In this regard, intra-articular injection emerged as a possibility to deliver
therapeutics into the joint space both, to prevent the possible secondary effects re-
lated to systemic drug delivery and to achieve a sufficiently high intra-articular drug
concentration to elicit a desired response. However, research on the detrimental




Figure 4.4: WYR peptide-functionalized PEG microgels specificity assay. (a) Repre-
sentative confocal images of PEG microgels (red) bound to rabbit synoviocytes stained with
Cell Tracker GreenTM. Scale bar: 100 µm. (b) Binding level of WYR peptide-functionalized
PEG microgels to synoviocytes is significantly lower than RGD- and HAP-1-functionalized
microgels. Mean ± SEM, n=4, 8 images per group, *p<0.05 compared to HAP-1, # p<0.05
compared to RGD
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of the off-target effects of some promising drug candidates have shown the neces-
sity of engineering specific tissue-binding drug delivery methods for OA treatment
like those proposed in this dissertation [3, 53, 7].
Traditionally, OA has been understood as a disease affecting primarily the artic-
ular cartilage. Therefore, research regarding targeted therapy for OA treatment has
mainly focused on cartilage passive and active targeting approaches. The physic-
ochemical properties of the articular cartilage pose a challenge to the delivery of
therapeutic molecules into this tissue [131]. First, direct drug transport via vascular
structures is not possible due to its avascular, aneural and alymphatic nature. Also,
cartilage extracellular matrix, primarily composed of collagen type II and sulfated
glycosaminoglycans, presents a small pore size (60-200 nm) and high negative
charge, which difficult the penetration of molecules into this tissue [87, 131].
Delivery vehicles in the micron scale, like those described in this disserta-
tion, are unable to penetrate the articular cartilage and administer the therapeutic
molecules directly into the tissue. However, Ambika et al. used pharmacokinetics
modeling to explain that although micron-scale delivery systems may not be ideal
for direct intra-cartilage drug release, non-penetrating particles able to bind to the
surface of the articular cartilage may enable higher intra-cartilage drug concen-
trations compared to non-penetrating particles that do not present any cartilage-
binding mechanism after intra-articular injection [131]. However, these computa-
tional modeling results have not been experimentally evaluated. In this chapter
WYR-functionalized PEG microgels were shown to bind to bovine articular carti-
lage sections in vitro and are expected to bind to the cartilage surface, particularly
to damaged areas where collagen type II fibers are exposed in vivo. However, the
ability of cartilage-binding PEG microgels to deliver small molecule drugs into the
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tissue was not investigated. To the best of our knowledge, this is the first time that
active cartilage targeting peptide is utilized for the conjugation of micron-size drug
delivery systems, thus the proposed microgels could be used to expand the field
knowledge regarding the effect of cartilage targeting on drug pharmacokinetics.
For example, WYR-functionalized PEG microgels could be a promising platform
to study whether or not non-penetrating cartilage-binding drug delivery systems
present an advantage over conventional non-targeting vehicles in terms of drug
penetration and retention into the cartilage, as pharmacokinetics modeling sug-
gests [131].
Furthermore, the type of cartilage targeting moieties (active or passive) could
have important consequences on the effectiveness of the delivery vehicle’s bind-
ing ability to cartilage. Both, active and passive targeting strategies have been
extensively studied for cartilage penetrating nanoparticles [132, 81, 82, 83, 84,
85, 86]. In fact, Vedadghavami et al. recently demonstrated that the depth of
penetration into the articular cartilage for cationic peptide carriers of 7 nm in diam-
eter, depends on their charge and the cartilage glycosaminoglycan content. The
researchers demonstrated that for healthy bovine cartilage explants the uptake
of cationic nano-carriers increased proportionally with net charge up to +14 mV.
However, the authors reported that positively charged nano-carriers uptake and
retention in articular cartilage explants with lower glycosaminoglycan content were
reduced due to a decrease in the cartilage negative charge [132]. Therefore, pas-
sive targeting via electrostatic interactions may not be as effective on later stages
of OA progression.
Active targeting strategies offer an alternative for achieving cartilage binding in-
dependently on glycosaminoglycan content. For that reason, the PEG-based drug
delivery vehicles described in this dissertation used a collagen type-II targeting
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peptide (WYR) to confer cartilage binding ability to microgels. As demonstrated in
this chapter, WYR-functionalized PEG microgels were able to bind bovine articular
cartilage sections and presented low binding levels compared to other microgels
(HAP-1 and RGD) when incubated with synoviocytes. However, one of the limita-
tions of this dissertation is that direct comparison of the binding levels of WYR mi-
crogels between articular cartilage and synoviocytes is not possible due to the use
of two different experimental platforms. To better investigate if WYR-functionalized
PEG microgels preferentially bind to articular cartilage over synoviocytes, the de-
velopment and standardization of binding assays using co-culture models would
be necessary. These types of experiments could allow direct comparison of both
WYR- and HAP-1-functionalized microgels binding levels to multiple intra-articular
tissues, including the articular cartilage, synovial membrane, meniscus and liga-
ments.
In terms of synoviocytes targeting, our results demonstrate that HAP-1-functiona-
lized PEG microgels are able to specifically bind to rabbit and human synovial cell
lines. One limitation of these studies is that the specificity of HAP-1 microgels was
assessed using myoblast and pre-osteoblasts, which are not normally exposed
to the synovial fluid where these particles would be injected. To better predict
whether HAP-1-functionalized PEG microgels would preferentially bind to the syn-
ovial membrane in vivo, binding assays using relevant cell lines such as ligament
fibroblasts and chondrocytes would be necessary. Although HAP-1 peptide ability
to target synoviocytes has been reported [95, 97, 96], the specificity of this inter-
action has never been evaluated using cell lines present in tissues exposed to the
intra-articular space.
Moreover, HAP-1 peptide has been shown to induce internalization of peptide
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complexes upon synoviocytes binding in vitro and in the synovial lining in a rabbit
model [95]. Even though, the proposed 50 µ PEG microgels are considerable big
to be internalized, the biological effect of the HAP-1 peptide in this delivery sys-
tem is yet to be investigated. Bédouet et al. demonstrated that non-degradable
PEG-dimathacrylate microgels get trapped in the synovial membrane and induce
a foreign body response characterized by the presence of giant cells around the
hydrogels [109]. Although the PEG chemistry used in this dissertation is differ-
ent than the one reported by Bédouet et al., it would be important to study if the
conjugation of PEG-4MAL microgels with HAP-1 peptide would induce a more ag-
gressive inflammatory response compared to HAP-1sc resulting from the activation
of HAP-1-mediated particles internalization processes [95]. In fact, this disserta-
tion could benefit from future investigation on the cellular response to long-term
PEG microgels exposure in terms of inflammation and cytotoxicity. Additionally,
synovium and articular cartilage in vitro co-culture models would be necessary to
elucidate if tissue-binding of drug-loaded PEG microgels can in fact promote pref-
erential drug delivery and penetration into the tissues of interest.
Overall, the results presented in this chapter demonstrate that peptide-functiona-
lized PEG microgels bind to articular cartilage and synoviocytes in vitro. Further
characterization would be required to assess the ability of these drug delivery ve-
hicles to promote tissue-localized drug release. In the future, the use of the system
proposed in this dissertation could facilitate the characterization and clinical trans-
lation of current drug candidates, that due to concerning off-target effects have not
proven to be successful for the treatment of OA.
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4.5 Conclusions
The results of this study demonstrate that PEG-4MAL microgels can be function-
alized with cartilage- or synociocyte-binding peptides to achieve specific tissue
binding. In vitro studies showed that HAP-1 functionalized microgels can bind to
rabbit and human synoviocyte monolayer cultures and exhibited low binding lev-
els to other cell types. Similarly, microgels conjugated with the collagen type II-
binding peptide (WYR), effectively bound to bovine articular cartilage sections and
presented a low binding levels when incubated with rabbit synoviocytes. There-
fore, peptide-functionalized PEG microgels offer a promising injectable platform
that could allow intra-articular tissue-specific binding and may be used for local-
ized delivery of therapeutics for the treatment of OA.
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CHAPTER 5
EVALUATING THE IN VIVO EFFICACY OF PLGA-LOADED
PEPTIDE-FUNCTIONALIZED PEG MICROGELS AS SMALL MOLECULE
DRUG DELIVERY SYSTEMS IN A RAT MODEL OF OA
5.1 Introduction
One of the main challenges in the development of a successful OA therapeutic is
the design of a drug delivery system able to withstand the rapid clearance mech-
anisms of an arthritic joint. It has been shown that free small molecule drugs and
proteins only remain in the intra-articular space for couple of hours (Table 2.1),
whereas drug-loaded microparticles can extend this time up to few weeks [7]. Par-
ticles ranging from 1 to 180 µm have been evaluated in the field, however it has
been shown that vehicles smaller than 3 µm are subjected to lymphatic clearance
from arthritic joints [69] and larger particles have been associated with synovial
inflammation [7]. The only FDA-approved microparticle-based technology for IA
drug delivery is a 45 µm triamcinolone acetonide-loaded PLGA microparticle for-
mulation for pain management in OA patients [74, 75]. Therefore, there is a need
for micron-scale drug delivery systems able to withstand the joint clearance mech-
anisms without causing any joint damage. Moreover, although intra-articular in-
jection enables localized drug delivery, tissue-specific drug release inside the joint
space still remains a challenge [10, 76, 11, 77].
Therefore, the objective of this aim was to evaluate the behavior of the pre-
viously designed tissue-binding PEG microgels in vivo in terms of their effect on
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joint health and retention time in a rat model of OA. The working hypothesis was
that peptide-functionalized PEG microgels containing small molecule drug-loaded
PLGA nanoparticles will increase the retention time of the encapsulated small
molecules and will be retained in the joint space without inducing any degener-
ative changes after intra-articular injection. The rationale for this aim is that the
designed PEG microgels are large enough (50 µm) to avoid rapid clearance from
the joint space, enabling a prolonged small molecule drug residence time. Also,
considering that PEG microgels are not hard structures and are primarily com-
posed of water (94%), they are not expected to induce mechanical wear of the
articular cartilage or significant inflammation in the synovial membrane.
5.2 Materials and Methods
5.2.1 Materials
Male Lewis rats (250g-300g) were acquired from Charles River Laboratories after
Georgia Tech’s Institutional Animal Care and Use Committee (IACUC) approval.
Near-infrared (NIR) dyes cyanine 7 (Cy7), sulfo-cyanine 7 (sCy7) and cyanine
7-NHS ester were purchased from Lumiprobe Life Science Solutions and Alexa
Fluor™488-NHS ester from Thermo Fisher Scientific. Thiol-PEG-Biotin (1 kDa)
was acquired from Nanocs Inc, Conray (60%) from Henry Schein®and the RNeasy
Plus Mini Kit’s lysis buffer from Qiagen was used.
5.2.2 Unilateral medial meniscus transection (MMT) procedure
All in vivo procedures were approved by the Georgia Tech’s Institutional Animal
Care and Use Committee (IACUC). Male Lewis rats (250g-300g) were subjected
to unilateral medial meniscus transection (MMT). Briefly, rats were anesthetized
using 5% isoflurane in an induction chamber and maintained at 1.5-3% delivered
by face mask. Sustained release buprenorphine (1 mg/kg) was administered sub-
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cutaneously after initial induction of anesthesia. A skin incision was made on the
medial side of the left knee and the medial collateral ligament (MCL) was exposed
by blunt dissection. The MCL was then transected to reflect the meniscus, which
was cut through the full thickness to simulate a complete tear. Finally the blunt-
dissected muscles were sutured using a 4.0 vycryl absorbable suture and the skin
was closed using staples.
5.2.3 Microgels intra-articular mechanical stability
Considering that the designed PEG microgels are soft structures containing around
94% water, we investigated in a pilot study if these systems could withstand the
mechanical loads generated in the intra-articular space as the animal walks. To do
so, fluorescently labeled microgels were synthesized by conjugating WYR peptide
to AlexaFluor 488-NHS ester, prior to microgels formation. Then, 50 µL of PEG
microgels suspended in sterile saline at a concentration of 530,000 microgels/mL
were injected bilaterally in healthy knee joints of male Lewis rats. Only one rat
was used at each time-point (n=2 knees). A knee lavage using 100µL of sterile
saline was performed on days 4, 8, 14 and 21, then withdrawn microgels were
imaged using confocal microscopy and the area of at least 80 microgels per group
was calculated using a customized MATLAB script. Before imaging, 100 µL of
each sample were incubated with 50µL of lysis buffer for 5 minutes to promote
cell rupture and obtain clean images that could be analyzed using the automated
MATLAB script.
5.2.4 Microgels intra-articular retention and their effect on knee joint health and
OA progression
To assess the microgels intra-articular retention time, a tracking experiment was
conducted using the near-infrared Cyanine 7 dye (Cy7). In this case, to incorpo-
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rate the Cy7 dye into the microgels, HAP-1 and WYR peptides were conjugated
with Cy7-NHS ester prior to PEG microgels formation. Three weeks after MMT
procedure, rats received bilateral injections of the following formulations in 50µL
saline: (1) Free sulfo-Cy7 dye (negative control, represents free small molecule),
(2) Cy7-WYR-functionalized microgels or (3) Cy7-HAP-1-functionalized microgels
(n=9). All microgels formulations contained 0.5% w/v PLGA nanoparticles and
were injected at a concentration of 530,000 microgels/mL. Rats were scanned
before and immediately after injection in the Perkin Elmer IVIS Spectrum CT in
vivo imaging system to measure the initial fluorescence signal emitted by the in-
jected formulation. Animals were then scanned on days 1, 3, 5, 7, 10, 13, 16, 19
and 26 post-injection and euthanized at day 26. Data was fitted to a one-phase
exponential decay function and the resulting half-life time was compared across
formulations for healthy and MMT joints. Half-life times were transformed using
a logarithmic function and subjected to outliers removal using a maximum false
discovery rate of 1%. This allowed for normal data distributions with different vari-
ances among groups. Therefore, Welch’s ANOVA was used to determine statistical
differences between formulations. Also, a t-test was performed to compare HAP-1
or WYR formulations between healthy and OA joints.
Rat legs were collected to evaluate the microgels effect on knee joint health
and OA progression. Harvested tissues were fixed in 10% neutral buffered forma-
lin for 3 days and then stored in PBS without Ca++ and Mg++. For each experi-
mental group, 3 legs were processed for histology analysis and 6 were used to
assess cartilage degradation and osteophyte formation via equilibrium partitioning
of ionic contrasting agent micro-computed tomography (EPIC µ-CT). For histology
processing, samples were decalcified for 10 days using a formic/citric acid solu-
tion, which was changed every other day. Then, knee joints were dissected leaving
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the knee cap intact with some muscle around, embedded in paraffin and sectioned
through the coronal plane (5 µm sections). Samples were then stained using Tolu-
idine Blue and synovial membrane thickness measured using ImageJ.
To quantify markers of degenerative joint changes, the tibias from the remaining
samples (n=6) were incubated in 37.5% Conray contrast agent for 40 min at room
temperature. Then, the tibial plateaus were scanned in the Scanco µCT 40 (45
kVp, 177 µA, 8 W, 16 µm resolution). After scanning, samples were incubated in
10 mL of PBS without Ca++ and Mg++ to remove the contrast agent. Finally, images
were contoured and analyzed for cartilage attenuation, lesion volume, roughness
and calcified osteophyte volume.
5.2.5 Intra-articular drug retention time
To assess for the in vivo drug retention time, Cy7 was used as a model small
molecule drug. Cy7 was first loaded into PLGA nanoparticles by oil-in-water emul-
sion method as reported in Chapter 3. Microgels functionalized with WYR, WYRsc,
HAP-1 and HAP-1sc peptides, containing 0.5% w/v Cy7-loaded PLGA nanoparti-
cles were injected into the knee joints of male Lewis rats (50µL, 530,000 microgel-
s/mL), three weeks after surgical induction of OA (n=7). Also, sulfo-Cy7 free dye
and Cy7-loaded PLGA nanoparticles were used as controls. Rats were scanned
before and immediately after injection in the Perkin Elmer IVIS Spectrum CT in
vivo imaging system to measure the initial fluorescence signal emitted by the in-
jected formulation. Animals were then scanned on days 1, 3, 5, 7, 10, 13, 16,
19 and 26 post-injection and euthanized at day 26. Data was fitted using a one-
phase decay model and the half-life time and plateau values were analyzed. The
data corresponding to the curve-fitting parameters was transformed using a loga-
rithmic function and outliers analysis was performed to comply with normality and
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homoscedasticity assumptions. Then, data was analyzed via a one-way ANOVA.
5.2.6 In vivo localization of nano-composite microgels
The in vivo localization of peptide-functionalized microgels was analyzed via his-
tology. OA was induced in male Lewis rats and 2 weeks after surgery received
intra-articular injections of WYR, WYRsc, HAP-1 and HAP-1sc-functionalized PEG
microgels (n=8, 50µL injection containing 530,000 microgels/mL suspended in
saline). This time point was chosen because as early as 1 week after OA induction,
cartilage fibrillations appear in this model, which exposes collagen type II fibers that
are probably able to bind the WYR peptide-functionalized microgels. Then, animals
were sacrificed at 4 and 6 weeks post-surgery (n=4 per time point) and their left
knees harvested and processed for cryosectioning. Briefly, tissue samples were
fixed for 3 days in 10% neutral buffered formalin and then decalcified for 10 days
in a formic/citric acid solution that was changed every other day. Then, samples
were embedded in optimal cutting temperature compound (OCT) following the pro-
tocol reported in the appendix section A.1 and sectioned through the mid-coronal
plane. For each sample, 3 sections (15 µm thick), separated around 100 µm from
each other were collected and stained with hematoxylin and eosin. The area occu-
pied by microgels trapped within the synovial membrane was quantified in ImageJ
and normalized to the total synovial membrane area in each section. Right knee
samples served as non-treated controls.
5.3 Results
5.3.1 Microgels intra-articular mechanical Stability
To determine if PEG microgels containing PLGA nanoparticles were able to with-
stand the mechanical loads that occur in the intra-articular space, WYR-functiona-
lized PEG microgels were injected in healthy Lewis rat knee joints and analyzed for
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their size and morphology at different time points. Results presented in Figure 5.1
show that microgels are stable up to 8 days and then start breaking into smaller
pieces as demonstrated by the presence of a bimodal area distribution at days 14
and 21. The percentage of microgels that remained intact at day 14 and 21 are
approximately 60% and 40%, respectively.
A limitation of this study is that only WYR-functionalized microgels were used
and the mechanical degradation of HAP-1-conjugated microgels or the scrambled
controls were not evaluated. Although all PEG microgels formulations are expected
to have very similar mechanical properties, their location in the knee joint could in-
duce different mechanical degradation patterns. It has been demonstrated that
compression and shear stresses in the knee joint are not equally distributed, in-
stead some areas of the femoral and tibial plateaus withstand higher stresses in
healthy and knees with meniscal tears [133]. Therefore, if the tissue-targeting
peptides linked to PEG microgels actually promote tissue-preferential localization
of these systems within the joint, it is highly possible that WYR- and HAP-1-
functionalized microgels would present different modes of mechanical degradation.
Although this study gives some insight on how non-chemically degradable PEG mi-
crogels may be degrading in vivo, differences in how this degradation occurs for
distinct microgels formulations still remains a question for future investigation.
5.3.2 Microgels intra-articular retention
The previous pilot study showed that peptide-functionalized PEG microgels con-
taining PLGA nanoparticles could be found in the intra-articular space for at least 3
weeks, but does not give information regarding the microgels clearance over time.




Figure 5.1: WYR peptide-functionalized PEG microgels in vivo mechanical stability.
(a) Representative confocal images of PEG microgels (green) after being recovered via
intra-articular lavage. Scale bar: 200 µm. (b) Microgels area histogram at different time
points after intra-articular injection. Lavage from 2 knees at every time point.
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representative images and the microgels retention profiles that were fitted to a one-
phase exponential decay (Figure 5.2b) to obtain the half-life times (Figure 5.2c).
It is important to note that WYR-functionalized microgels injected in OA and
healthy joints exhibited an increase in the radiance efficiency from day 0 (imme-
diately after injection) to day 1. This phenomena could be attributed to the self-
quenching effect characteristic of cyanine dyes, which is explained in more detail
in appendix B.1. Therefore, the retention profiles for all experimental groups were
fitted to a one-phase exponential decay, but for both WYR-containing experimental
groups, the data taken on day 0 was not included. The resulting half-life time data
was subjected to outliers analysis and the clean data was evaluated using non-
parametric test to determine differences between formulations in the OA and naı̈ve
joints, independently.
Results show that for both, disease and naı̈ve joints, free Cy7 dye is rapidly
cleared, presenting a half-life time of 0.21 ± 0.06 and 0.14 ± 0.04 days, respec-
tively. In contrast, HAP-1- and WYR-functionalized microgels presented a signifi-
cant increase in the intra-articular half-life time compared to the free dye control in
MMT knees (HAP-1: 6.03 ± 4.76 days, p-value: 0.0005; WYR: 2.48 ± 0.70 days, p-
value: 0.006). Similarly, in naı̈ve joints, microgels also increased the intra-articular
retention compared to the free dye control (HAP-1: 3.37 ± 2.82 days, p-value:
0.0056; WYR: 4.70 ± 1.78 days, p-value: 0.0003). These findings demonstrate
that peptide-functionalized PEG microgels can be retained in the knee space for
a significantly longer period of time compared to free small molecules such as Cy7.
Moreover, these results suggest that WYR-functionalized microgels are cleared
faster in OA joints compared to healthy ones. Research in the field have revealed
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that inflamed joints present higher vascular permeability, which has been corre-
lated with faster clearance of molecules and nanoparticles from OA joints com-
pared to healthy ones [69]. It is possible that as WYR-functionalized microgels
start degrading mechanically, small hydrogel fragments get cleared from the joint
at a higher rate in OA joints than naı̈ve ones. Interestingly, the half-life time of
HAP-1-functionalized microgels was not altered by the state of the disease. As is
going to be discussed bellow, synoviocyte-targeting PEG microgels get trapped in
the synovial membrane of healthy and MMT rats (Figure 5.5), which can explain
why the retention of this formulation resulted similar in both cases.
5.3.3 Effect of microgels on knee joint health and OA progression
To evaluate whether peptide-functionalized PEG microgels affect knee joint health,
samples from the microgel tracking study were taken for cartilage and synovial
membrane morphological analysis via EPIC-µCT and histology. Figure 5.3 show
that articular cartilage of animals that received MMT surgery present significant
degenerative changes compared to healthy joints for all formulations. In this ex-
periment, the dye group was considered negative control, given that free Cy7 dye
is cleared from the joint in less than 5 h and to the best of our knowledge, does
not negatively affect the knee joint. As expected, OA animals presented higher
attenuation values, which demonstrates an increase in proteoglycan depletion as
a result of OA induction. Also, cartilage surface roughness, lesion and calcified
osteophyte volume were significantly increased compared to naı̈ve joints. Interest-
ingly, microgels functionalized with either WYR or HAP-1 peptide did not affect any
of the joint parameters in healthy joints. In the case of osteoarthritic knees, micro-
gels did not worsen OA progression as measured by cartilage attenuation, surface




Figure 5.2: Peptide-functionalized PEG microgels in vivo retention. (a) Representa-
tive IVIS images of fluorescently labeled PEG microgels after intra-articular injection. (b)
Retention profile raw data (n=9) and (c) half-life times for different microgels formulations.
Mean ± SEM, n=9. Data subjected to outlier analysis and Welch’s ANOVA: *p-value<0.05
compared to dye in MMT joints, #p-value<0.05 compared to dye in naı̈ve joints. t-test
%p-value<0.05 compared to WYR-functionalized microgels in MMT joints.)
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ministered WYR-functionalized PEG microgels presented a significant difference
in lesion volume compared to healthy knees, one of the animals did not exhibit
any cartilage lesions and three of them presented smaller lesions than HAP-1 and
free dye treated rats. This is an interesting result because in the rat MMT model
at 6 weeks post-surgery animals usually develop considerable big full-thickness
cartilage lesions [134]. This observation establishes basis for future evaluation of
WYR-functionalized PEG microgels and their effect on OA progression.
Histological evaluation of synovial membrane thickness as a marker of inflam-
mation resulted in no significant differences between the treatments in naı̈ve and
MMT rats (Figure 5.4). Most importantly, in both naı̈ve and MMT joints, synovial
thickness of microgels-treated joints was not different from the free dye control-
treated knees. This suggest that the intra-articular presence of microgels does not
induce a strong inflammatory response evident as synovial membrane thickening
at three weeks post-injection. However, it is important to note that there was no
significant difference between MMT and naı̈ve animals. Although this could be ex-
plained by the small sample size, it is important to consider that the MMT model
induces a mechanical instability within the joint, but is not known for being an in-




Figure 5.3: Peptide-functionalized PEG microgels effect on cartilage degradation
and osteophyte formation. Parameters indicating joint health were measured by EPIC
µCT in the medial tibial plateau, including (a) medial third attenuation, which is inversely
proportional to proteoglycan content; (b) medial third surface roughness as a measurement
of cartilage fibrillation and erosion; (c) total lesion volume and (d) calcified osteophyte
volume. (a) and (b) were directly analyzed via a one-way ANOVA, while (c) and (d) required
data transformation to correct for heteroscedasticity prior to one-way ANOVA analysis.
Mean ± SEM, n=6, *p-value<0.05
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(a) (b)
Figure 5.4: Peptide-functionalized PEG microgels effect on synovial membrane
thickness. (a) Coronal rat knee sections stained with toluidine blue showing cartilage
lesions and changes in proteoglycan content in MMT samples. Scale bar 2000 µm (b)
Synovial membrane thickness (Mean ± SEM). Three images analyzed per sample (n=3).
Nested one-way ANOVA demonstrated no significant differences between microgels for-
mulations and free dye.
Histological analysis of toluidine blue stained sections revealed that HAP-1-
functionalized microgels were embedded into the synovial lining and promoted the
infiltration of cells in the areas that surround the material in both, healthy and MMT
joints (Figure 5.5). The HAP-1-functionalized PEG microgels can be seen in Figure
5.5 as white circles surrounded by a dark purple tissue with high cellularity. In con-
trast, WYR-functionalized microgels were not found in the synovial membrane and
the appearance of this tissue resulted comparable to that of free Cy7 dye-treated
joints. Generally, microparticles injected intra-articularly get trapped in the synovial
membrane [109]. Therefore, it is not surprising that HAP-1-functionalized micro-
gels resulted embedded within the synovium. Interestingly, WYR-functionalized
microgels were not trapped in the synovial membrane, possibly due to their abil-
ity to bind the articular cartilage. However, based on these histology images, it is
impossible to determine where the WYR-microgels were located and further eval-
uation on microgels intra-articular location is still needed.
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5.3.4 Model small-molecule drug-loaded microgels intra-articular retention time
Previous results suggest that intra-articular injection of PEG microgels containing
PLGA nanoparticles do not result in articular cartilage damage or synovial mem-
brane inflammation. Additionally, considering that PEG microgels are retained in
osteoarthritic rat knee joints for at least 3 weeks, we investigated the intra-articular
retention time of a model small molecule drug. In this study, PLGA nanoparticles
loaded with Cy7 dye were encapsulated into peptide-functionalized PEG micro-
gels and its retention in the joint was analyzed via in vivo imaging system (IVIS).
Figure 5.6 shows the retention profile and parameters resulting from a one-phase
exponential decay curve fit for the different microgels formulations. Comparable
to previous studies, free dye injected into the knee joint resulted in a fast clear-
ance (half-life time: 0.25 ± 0.073 days) which leads to the elimination of most
of this small molecule as indicated by the plateau value (0.48 ± 0.22%). In con-
trast, all delivery systems presented a 10-fold increase in the radiant efficiency
plateau values (Figure 5.6c) compared to free dye (p-value<0.0001), suggest-
ing that PLGA nanoparticles alone or loaded into PEG microgels could increase
the small molecule retention in the joint. Additionally, only HAP-1-, HAP-1sc- and
WYRsc-functionalized PEG microgels exhibited a significant increase in the half-
life time compared to free dye, presenting a 6-, 7- and 3-fold increase in half-life
time values, respectively. However, none of the microgels formulations increased
the half-life time compared to PLGA nanoparticiles.
The intra-articular retention time of a small molecule loaded in a delivery system
is controlled by two phenomena: the clearance of the free released molecule and
the elimination of the delivery vehicle via cell-mediated or vasculature-mediated
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Figure 5.5: In vivo localization of peptide-functionalized PEG microgels. First col-
umn presents whole joint histology sections stained with toluidine blue. Scale bar 2000
µm. Black and red boxes highlight the zoom areas shown in the second and third column,





Figure 5.6: Intra-articular cargo retention time of Cy-7-loaded peptide-
functionalized PEG microgels. (a) PEG microgels intra-articular retention profile. Data
normalized to day 0 (b) Intra-articular half-life time of cyanine 7 dye encapsulated into free
PLGA nanoparticles or PEG microgels containing PLGA nanoparticles. One-way ANOVA
test, n=7, *p-value<0.05, **p-value<0.002 compared to free dye. (c) Plateau radiant effi-
ciency values after intra-articular injection of PEG microgels containing Cy7-loaded PLGA
nanoparticles. One-way ANOVA, ***p-value<0.0001.
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mechanisms. Assuming that the PLGA nanoparticles or the PEG microgels can not
get cleared from the synovial membrane, the small molecule retention time would
be controlled only by the release rate. As shown in the appendix B.2, Cy7 release
profile from nano-composite PEG microgels is controlled by the PLGA nanopar-
ticles. Therefore, PLGA nanoparticles alone and PLGA-loaded PEG microgels
presented similar release profiles. In in vivo, the small molecule released from
these delivery systems is rapidly cleared from the joint as demonstrated by the
free dye control. This observation could explain why the intra-articular half-life time
of microgels formulations were not significantly different than PLGA nanoparticles
alone. Additionally, the fast release kinetics of Cy7 from the system (over 80%
during the first 5 to 7 days) could explain why the IA half-life time of this molecule
did not exceed 2 days after injection of PLGA NPs alone or microgel formulations.
However in reality, the clearance of the free small molecule and the delivery sys-
tems occur simultaneously. Considering that the release rate of a small molecule
from PLGA and PLGA-loaded microgels is similar, as shown in Chapter 3, the dif-
ferences observed in this study in terms of the intra-articular half-life time could
be attributed to the clearance of the delivery systems. As shown in Figure 5.6b,
PLGA nanoparticles alone and WYR microgels did not significantly increase Cy7
half-life time compared to the free dye, but HAP-1, HAP-1sc and WYRsc microgels
did. These results suggest that PLGA nanoparticles may be getting cleared from
the joint faster than PEG microgels containing PLGA nanoparticles, which is con-
sistent with other studies that demonstrate that bigger particles can better avoid
cell-mediated and lymphatics clearance mechanisms compared to nanoparticles.
[7, 69, 70, 71, 72, 73]. As shown in Figure 5.1, WYR-functionalized PEG micro-
gels are subjected to mechanical degradation, and around 2 weeks post-injection
microgel pieces can be observed in the synovial fluid. As microgels break, PLGA
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nanoparticles contained inside the hydrogel, can be released into the synovial fluid
and then get cleared. This could potentially explain why this microgel formulation
did not increase Cy7 half-life time compared to free dye. In contrast, HAP-1, HAP-
1sc and WYRsc microgels did significantly improved Cy7 half-life time compared
to free dry. According to our results, HAP-1-functionalized microgels get trapped in
the synovial membrane (Figure 5.5), which could help protect these microgels from
the joint compression and shear stresses, having a positive impact on mechanical
stability and intra-articular retention compared to WYR-conjugated microgels. En-
trapment intro the synovial membrane could also be the case for non-targeting de-
livery systems such as WYRsc and HAP-1sc microgels, as suggested by Bédouet
et al., who demonstrated this effect using non-functionalized PEG-dimethacrylate
microgels [109].
Deeper understanding of the mechanical degradation of the different microgels
formulations and rigorous research to determine the fate of free PLGA nanoparti-
cles and PEG microgels, could give insights on the mechanisms involved in intra-
articular small molecule clearance and provide valuable information to optimize the
PLGA-loaded PEG microgel delivery system presented in this dissertation in order
to achieve prolonged retention and sustained release of therapeutic molecules in
the joint.
5.3.5 In vivo localization of nano-composite microgels
All microgel formulations were found trapped within the synovial membrane, but no
microgels bound to the articular cartilage or floating in the synovial fluid could be
detected using this technique. Figure 5.7a shows representative histology images
of the synovial membrane, demonstrating that all microgel formulations get trapped
in this tissue and appear as empty pockets within the synovial membrane. Con-
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sistent with the results presented in Figure 5.5, all microgel formulations induced
localized cellular infiltration at both time points. These structures were not found in
healthy joints that did not receive IA microgels injection.
No significant differences in microgels entrapment within the synovial mem-
brane were observed between formulations at any time point (figure 5.7b). Other
studies have demonstrated that micron-size materials injected in the IA space get
trapped in the synovial membrane [109, 135]. However, in our studies the use of a
synoviocyte-binding peptide did not result in improved microgels localization within
the synovium compared to other formulations. In contrast to the study presented in
section 5.5.3 (Figure 5.5) where no WYR-microgels were observed in the synovial
membrane, in this study cartilage-binding microgels were also trapped within this
tissue at both time points. Given that histology did not allow for microgels localiza-
tion in other areas of the joint, this study resulted inconclusive regarding the WYR
microgels ability to bind to the articular cartilage. It is possible that, even though
some of these microgels are trapped within the synovial membrane, a portion of
them may be able to bind damaged areas of the cartilage. However, more appro-
priate techniques and further investigation would be necessary to determine if this
is the case.
Unfortunately, histologic evaluation presents several limitations to determine
the location of microgels within the joint. Even though our results demonstrate that
microgels can be retrieved via synovial fluid collection up to 3 weeks post-injection
(Figure 5.1), sample processing for both paraffin (section 5.5.3) and cryo-histology
demonstrated to be damaging for microgels preventing their direct visualization.
Instead, only microgels trapped in the synovial membrane were evident as empty
pockets within this tissue. Therefore, although histology analysis could be used to
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detect microgels trapped within the synovial membrane, this technique does not
allow to determine if microgels remain floating in the synovial fluid or can bind the
articular cartilage.
On the other hand, histology only allows for two-dimensional analysis. In partic-
ular, in this experiment only sections around the mid-coronal plane were evaluated.
To better determine whether targeting microgels present a preferential localization
within the joint, a full joint analysis should be performed. In this regard, tools that
allow for 3D imaging such as µCT or magnetic resonance imaging (MIR) could be
a better alternative compared to histological analysis. In fact, Hu, et al. developed
cartilage-targeting probes by conjugating the MRI contrast agent DOTAM to the
peptide WYR. These probes were administered via IA injection in the knees of rats
after surgical induction of OA, which allowed for the in vivo localization of focal
cartilage lesions and osteophytes via MIR [88]. This type of technology could be
adopted to conjugate PEG microgels with MRI contrast agents, potentially allow-
ing for longitudinal and three-dimensional localization of microgels within the joint
space.
5.4 Discussion
In this chapter, the possibility of using peptide-functionalized PEG microgels con-
taining PLGA nanoparticles for localized intra-articular drug delivery was investi-
gated in a rat model of OA. First, microgels were analyzed for their ability to be
retained in the intra-articular space. Our findings demonstrate that PEG microgels
get mechanically degraded after intra-articular injection (Figure 5.1), but are re-
tained for at least 3 weeks, exhibiting a half-life time significantly higher than free
model small molecule (Figure 5.2). Additionally, microgels did not induce degener-




Figure 5.7: Microgel formulations get trapped within the synovial membrane. (a)
Representative histology images show microgels localized within the synovial membrane
at 4 and 6 weeks after OA induction. Scale bar: 200 µm. Arrows indicate microgels trapped
in the synovium. (b) Quantification of microgels trapped within the synovial membrane.
Microgels area was normalized to the synovial membrane area in each histology section.
Three images per replicate were analyzed. Data was transformed using a logarithmic
function and evaluated via a one-way nested ANOVA (n=4).
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membrane did not show significant signs of inflammation in both, healthy and OA
knee joints.
Microparticles as intra-articular drug delivery systems have been extensively
studied for their retention time and their ability to induce inflammation in the joint.
Characteristics such as particle size, shape and material have been shown to have
a direct impact on retention and inflammation, but despite the advances on the
field, there is still no consensus on the optimal microparticles characteristics. In
general, particles in the nanometer scale and up to few microns in diameter are
easily phagocytosed, tend to be more inflammatory and get cleared by lymphatics
drainage or cell-mediated elimination faster than bigger particles [7]. In contrast,
microparticles are retained in the intra-articular space for longer periods of time
compared to nanoparticles, they usually get trapped in the synovial membrane
and induce a multinuclear giant cell response [7, 136, 53]. This phenomena was
studied by Horisawa, et al., who injected PLGA particles of 265 nm or 26µm in
diameter into the knee joint in a rat model. Results showed that nanoparticles
(265 nm) were phagocytosed by synovial macrophages and therefore, infiltrated
into the tissue, whereas microparticles (25µm) were surrounded by multinucleated
giant cells [137]. Other studies demonstrate that PLGA microspheres injected in
rabbit knee joints with diameters between 1-20µm elicit a greater inflammatory re-
sponse than particles ranging between 35-105µm [138].
In general, microparticles perform better as intra-articular drug delivery vehicles
in terms of prolonged retention and inflammation compared to nanoparticles. How-
ever, Park et al. demonstrated that irregular polyethylene microparticles like those
produced by prosthesis wear in partial joint arthroplasties, lead to up-regulation
of pro-inflammatory cytokines and apoptosis of chondrocytes, meniscal fibrochon-
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drocytes and synoviocytes in vitro and promoted cartilage and meniscus degen-
eration as well as synovitis in a rat MMT model [139]. These findings raise some
concerns in the field regarding the use of hard polymeric microparticles for intra-
articular drug delivery. Nano-composite microgels, as those presented in this dis-
sertation, could help overcome this limitation while still providing sustained drug
release and prolonged intra-articular retention time. The engineered hybrid PEG
microgels combine the advantages of polymeric nanoparticles for sustained drug
delivery (see Chapter 3) with the ability of micron-scale particles to be retained in
the intra-articular space for at least 3 weeks. Additionally, the use of a soft material
such as a hydrogel, instead of solid polymeric microparticles allowed for prolonged
retention without inducing any detectable degenerative changes in the articular
cartilage or promoting synovium thickening as demonstrated in this chapter. More-
over, PEG microgels formulations could serve as a nanoparticle depot that could
help reduce their clearance, offering an advantage over free nanoparticle adminis-
tration. One limitation of the presented PLGA nanoparticles-loaded PEG microgels
is that this system may not be ideal for intra-cellular or intra-cartilage drug delivery,
which most likely require nano-sized particles that could be internalized or pen-
etrate into the articular cartilage [7, 87, 131]. However, this platform could allow
the loading of nanoparticles, small enough to be able to get out of the PEG micro-
gels and then release their contents to the tissues of interest in a localized manner.
To the best of our knowledge, only one study utilized a similar hydrogel-based
microsphere system composed of linear PEG cross-linked with either, degrad-
able short PLGA regions or non-degradable PEG-dimethacrylate. Bédouet et al.
demonstrated that degradable and non-degradable PEG microgels were found
trapped in the synovial membrane 4 weeks after injection in the intra-articular
space of the shoulder sheep joint, with non-degradable microgels inducing a for-
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eign body response characterized by the presence of giant cells surrounding the
microgels [109]. In our studies, HAP-1 functionalized microgels, designed with the
intention of targeting the synovial membrane were found embedded in this tissue
3 weeks after injection and induced localized infiltration of cells (Figure 5.5). Al-
though these microgels did not induce a significant synovial thickening (Figure 5.4)
or cartilage damage over 3 weeks (Figure 5.3), detailed characterization of the
immune response could provide insight on the long-term effect of these microgels
on the inflammatory processes involved in OA progression. Even though the MMT
model is not typically considered an inflammatory model of OA and animals do not
necessarily present a thickened synovial membrane as observed in the presented
results, recent research on the topic demonstrates that metrics such as synovium
cellularity, cell alignment and cell aspect ratio, could be used to detect disease
progression- or material-induced changes in the synovial membrane [140]. Such
metrics could be used to better understand the effect of PEG microgels on synovial
membrane, even if they do not get trapped within the tissue.
Interestingly, even though micron-scale particles usually get trapped in the syn-
ovial membrane [109], cartilage-targeting microgels were not found in this tissue
(Figure 5.5). These findings suggest that WYR functionalization may be promoting
binding to the articular cartilage and therefore, could be preventing microgels to get
trapped in the synovium. However, the histology protocols used in this dissertation
did not allow direct visualization of PEG microgels, most likely due to the destruc-
tive solvents and high temperatures used in traditional paraffin histology process-
ing, which may cause hydrogels degradation and shrinkage [109]. Therefore, the
development of techniques that permit the visualization of these microgels in vivo
could provide better understanding on whether these particles effectively bind the
articular cartilage. Magnetic resonance imaging (MRI) could offer a promising tool,
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in fact Hu et al. conjugated free WYR peptide to an MRI contrast agent for in vivo
evaluation of hyperthrophic cartilage lesions in a rat model of OA [88]. These type
of techniques could allow better determination of PEG microgels location in vivo
compared to histology.
WYR-functionalized microgels were shown to get mechanically degraded (Fig-
ure 5.1) and were the only microgel formulation that did not significantly increase
the half-life time of Cy7 compared to free dye (Figure 5.6b). One possible expla-
nation is that since WYR-functionalized PEG microgels avoid getting trapped in
the synovial membrane, they may be more susceptible to mechanical degrada-
tion than HAP-1 microgels, which at the same time could be correlated to shorter
cargo half-life times, either due to microgels fragments clearance or due to the
elimination of PLGA nanoparticles that get released as the microgels break. Using
a higher PEG concentration to stiffen the hydrogel or establishing covalent conju-
gation of the nanoparticles to the PEG macromer are some alternatives to improve
the performance of WYR-functionalized microgels in terms of mechanical stability
and cargo retention. On the other hand, smaller and irregular particles functional-
ized with WYR peptide that result from mechanical degradation, may be able to get
entrapped into the cartilage lesions easier than smooth intact microgels, providing
better binding capacity. The results presented in this chapter, establish interesting
basis for further characterization of the clearance mechanisms involved in PEG mi-
crogels elimination from the joint space and how these relate to cartilage binding.
The results presented throughout this document demonstrate that these deliv-
ery vehicles allow for small molecule sustained release (see Chapter 3), can bind to
articular cartilage and synoviocytes in vitro (see Chapter 4), HAP-1-functionalized
microgels get trapped in the synovial membrane of healthy and OA rat knee joints,
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microgels are retained in the intra-articular space for at least three weeks and some
formulations significantly improve small molecule retention compared to a free
model dye (see Chapter 5). Although overall these results suggest that peptide-
functionalized PEG microgels could be promising intra-articular drug delivery sys-
tems, the main limitation of this dissertation is that the in vivo localized delivery of
therapeutic molecules or model drugs was not investigated. Future research could
optimize these nano-composite PEG microgels for the delivery of cell membrane
tracers that could be used to determine if microgels tissue-specific binding actu-
ally supports localized drug delivery in the intra-articular space using the MMT rat
model.
Nano-composite microgels like those developed in this thesis represent a novel
alternative for intra-articular drug delivery, which could overcome the limitations of
nanoparticles and microparticles in terms of intra-articular retention time, immuno-
genicity and their possible negative effects on cartilage degradation. Additionally,
the implementation of targeting peptides to achieve tissue-specific binding is an
attractive approach to develop multi-target therapies for osteoarthritis treatment. In
this regard, microfluidics technology could be optimized for the encapsulation of
different types of delivery vehicles into PEG microgels, including polymeric, gold
and lipid nanoparticles, liposomes and cells. This could broaden the possibilities
for intra-articular localized delivery of multiple therapeutics or their combinations
with independent release kinetics. Considering the complexity of OA pathophysiol-
ogy and the multiple processes that could be targeted to reduce its progression, the
proposed peptide-functionalized microgel intra-articular delivery system could be
a good strategy to achieve a combinatorial, multi-target treatment for the disease.
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5.5 Conclusions
The results shown in this chapter demonstrate that PEG-4MAL microgels could
overcome the main limitation related to intra-articular treatment of OA, poor reten-
tion time, and could potentially be used for localized tissue-specific drug delivery.
In a rat model of OA, microgels injected intra-articularly did not promote any de-
tectable degenerative changes in the articular cartilage of healthy joints, nor did
they worsen the progression of the disease. Our results suggest that peptide-
functionalized PEG microgels can be retained in the intra-articular space for at
least three weeks, showing the possibility of using this system for long-term drug
delivery. Moreover, the proposed microgel-based delivery system would need to
be optimize for particular drugs in order to obtain the desired release kinetics and
intra-articular retention. Finally, synovium-targeting microgels remained trapped in
the synovial membrane at 3 weeks post-injection, while cartilage-targeting micro-
gels are not retained into the synovium. All together, these results demonstrate
that peptide-functionalized PEG microgels containing polymeric nanoparticles for




FUTURE CONSIDERATIONS AND CONCLUSIONS
The results presented in this dissertation establish a small molecule drug delivery
system that not only exhibits prolonged intra-articular retention, but also allows for
articular cartilage and synoviocytes targeting. In Chapter 3, encapsulation of drug-
loaded polymeric nanoparticles into a microgel system using microfluidics technol-
ogy, was shown to be an effective and simple method that enabled small molecule
loading and sustained release from PEG microgels. In Chapter 4, the ability of
peptide-functionalized PEG microgels to target articular cartilage and synoviocytes
was investigated in vitro. Characterization of microgels binding ability and speci-
ficity was conducted using cell monolayer platforms and bovine articular cartilage
sections, demonstrating that WYR-conjugated PEG microgels are able to target
fresh bovine cartilage, while HAP-1-functionalized microgels bind specifically to
rabbit and human synoviocyte cells lines. In Chapter 5, peptide-functionalized
PEG microgels were shown to be retained in the intra-articular space for at least
3 weeks, exhibiting a significantly higher half-life time compared to a free small
molecule near infra-red (NIR) dye. Additionally, microgels did not induce cartilage
damage in healthy or diseased knee joints as measured by EPIC µCT and did not
promote significant synovial membrane thickening at 3 weeks post-injection. Af-
ter intra-articular injection, HAP-1-functionalized microgels were found entrapped
in the synovial membrane of healthy and diseased joints, surrounded by a highly
cellularized tissue. Further characterization of the immune response induced by
these microgels is still needed. Interestingly, WYR-functionalized microgels were
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not seen in the synovial membrane, suggesting that this formulation is escaping
from being trapped by the synovial membrane, probably due to their binding to the
articular cartilage. Additionally, synoviocyte-targeting PEG microgels loaded with
the model small molecule Cy7 significantly increased the small molecule retention
time compared to free dye.
6.1 Contributions to the field
One of the main difficulties that has limited the translation of multiple OA drug
candidates into the clinic is the lack of appropriate intra-articular delivery vehicles
able to prolong drug retention time in the joint [7]. Moreover, recent understanding
of the negative off-target effects of a variety of drugs on different joint tissues,
has evidenced the need for targeting intra-articular delivery vehicles [3, 53, 7].
In this dissertation nano-composite microgels as intra-articular delivery vehicle is
presented for the first time in the field. This platform combines the advantages of
particulate delivery systems in the nano- and micro-scale to overcome limitations
related to poor intra-articular drug retention time and tissue targeting. Additionally,
the presented PEG microgels offer a highly customizable system that could allow
the design of more complex combinatorial and multi-target formulations for OA
treatment.
6.1.1 Hydrogel microspheres for improved intra-articular retention of small molecule
drugs
Traditionally, hydrogel formulations have been used for intra-articular injection act-
ing as drug depots [60, 61]. For example, hyaluronic acid (HA), commonly used
as a visco-supplementation treatment in OA patients was used by Palmieri et al.
to load either sodium clodronate or diclofenac sodium for the treatment of OA in
a clinical study. Preliminary results demonstrated that the combination of HA with
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these drugs had a synergistic effect at reducing patients pain after 3 and 6 months
post-treatment as measured by a visual analog scale (VAS) of pain [60]. However,
the real effectiveness of HA hydrogels is questionable given its short intra-articular
retention (half-life=13.2 h) [8]. Additionally, injectable hydrogel formulations do not
support drug sustained release and do not protect drugs from joint clearing mech-
anisms. Therefore, the use of hydrogel-based microspheres or microgels emerges
as an alternative for prolonged intra-articular sustained release [141, 142, 109].
Srinivasan et al. formulated hyaluronan-based microgels for the intra-articular re-
lease of bone morphogenetic protein 2 (BMP-2) and demonstrated that these mi-
crospheres effectively reduced cartilage degeneration and increased the expres-
sion of aggrecan and collagen type II in a mouse model of reversible OA [141].
However, to the best of our knowledge microgel delivery systems have not been
formulated for intra-articular administration of small molecule drugs. Therefore, the
delivery vehicles presented in this dissertation offer an alternative to address lim-
itations related to intra-articular release and retention of small molecule drugs for
the treatment of osteoarthritis.
The PEG microgels containing drug-loaded polymeric nanoparticles presented
in this dissertation were shown to be retained in the rat knee joint space for at least
3 weeks after injection. The hybrid nature of this system could offer advantages
over the intra-articular delivery of free polymeric nanoparticles. Small molecule re-
tention time in the joint space depends on the drug release rate from the delivery
vehicle and on the elimination of the aforementioned system via cell-mediated or
lymphatics mechanisms. Nano-scale up to few micron particles, have been shown
to be phagocytosed by synovial macrophages which then transport these particles
out of the tissue, or are eliminated via lymphatic drainage [7, 136, 53]. Therefore,
the proposed PEG microgel system could act as a shield to prevent encapsulated
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nanoparticles from getting cleared as fast as free particles formulations. Although
this hypothesis was not evaluated in this dissertation, further investigation may offer
interesting answers regarding the clearance mechanisms involved in the elimina-
tion of these novel non-degradable PLGA-loaded PEG microgels.
Additionally, the microfluidic technology used to synthesize PEG microgels al-
lows for the encapsulation of virtually any type of drug-loaded nanoparticle delivery
system. Polymeric nanoparticles, in particular PLGA, were used in this thesis for
characterization purposes, but the encapsulation of solid lipid and gold nanoparti-
cles is also possible. Microfluidics methods permit high throughput microgel syn-
thesis and independent control over variables such as drug-loaded nanoparticles
type and concentration, releases kinetics, macromer molecular weight, bio-ligand
presentation and microgels size. These features could be optimized for the deliv-
ery of a wide variety of small molecule drugs and even biologics, which can expand
the potential use of this platform for prolonged and sustained intra-articular delivery
and screening of therapeutics for OA treatment.
6.1.2 Intra-articular tissue-specific drug delivery
Small molecules traditionally used to manage pain in OA patients, such as NSAIDs,
and novel disease modifying drug candidates have been shown to present off-
target effects even if administered locally via intra-articular injections. For exam-
ple, drugs that target processes in the synovial membrane such as NSAIDs and
nerve growth factor (NGF) blockers have been related to a reduction in proteogly-
can secretion and faster OA progression [10, 76]. Likewise, molecules that target
regenerative pathways in the articular cartilage such as TGF-β1 and Kartogenin,
a pro-chondrogenic small molecule drug, have been shown to induce synovium
hyperplasia and promote the formation of cartilage-like tissues in ligaments and
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synovial membrane [11, 77]. These examples highlight the need for tissue-specific
drug delivery vehicles that could help minimize the off-target effects of different
therapeutics and therefore facilitate their translation into the clinic. By conjugating
PEG microgels with tissue-targeting peptides, the reported approach offers an al-
ternative to overcome this limitation.
HAP-1 microgels demonstrated to effectively bind to rabbit and human synovio-
cytes in vitro and were found trapped in the synovial membrane of rat knee joints
3 weeks after intra-articular injection. Also, WYR-functionalized microgels were
shown to bind bovine articular cartilage sections in vitro and were not localized in
the synovial membrane at 3 weeks post-injection in the rat MMT model. All to-
gether, these data suggest that the proposed peptide-conjugated microgel system
could be used for intra-articular tissue-specific drug delivery, which could impact
the translation of multiple drug candidates such as Kartogenin.
Considering that OA is a complex disease involving diverse processes that take
place in different intra-articular tissues, it is not surprising to think that its treatment
may require the use of a combination of drugs in order to effectively address the
multiple pathways related to OA progression. In this regard, the delivery system
presented in this thesis could be an excellent platform to administer a combination
of molecules to specific tissues inside the joint. It is important to note that cus-
tomization of this system could allow the tissue-specific delivery of biologics such




Overall, the findings presented in this work suggest several potential directions of
future investigation ranging from a deeper characterization of the presented nano-
composite microgels, up to translational research applications.
6.2.1 Effect of HAP-1-functionalized PEG microgels on internalization and inflamma-
tion
The synovium-targeting peptide HAP-1 was discovered via phage display, but its
target on synoviocytes is still unknown. When this peptide was discovered, Mi
et al. demonstrated that HAP-1 linked to a pro-apoptotic peptide was able to in-
duce conjugate internalization and promote apoptosis in rabbit synoviocytes, but
the mechanisms involved in this process remain a question for future investiga-
tion [95]. Additionally, the effect of HAP-1 peptide on micron-scale drug delivery
systems is also unknown. If HAP-1 is shown to activate cell pathways related to
extracellular molecules internalization, it could have a direct impact on synovial in-
flammation.
To investigate whether HAP-1-functionalized PEG microgels activate pathways
related to cellular internalization upon binding, a monolayer platform as the one
used in Chapter 4 to asses microgels binding ability, can be used. Synoviocytes
could be incubated with HAP-1 microgels and the activation of energy-dependent
internalization processes could be evaluated via immuno-staining of protein com-
plexes involved in clathrin-mediated endocytosis, caveolae-mediated endocytosis
or macro-pinocytosis [143]. Also, the effect of HAP-1-functionalized PEG microgels
on binding-induced synovial inflammation could be characterized. In vitro cultures
of rabbit and human synoviocytes incubated with peptide-functionalized microgels
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could be used to assess their cytokine expression using a multiplex ELISA. Ad-
ditionally, since HAP-1 microgels were found to remain trapped in the synovial
membrane surrounded by a highly cellularized tissue, immunohistochemistry (IHC)
offers a good tool to assess for markers of inflammation ex vivo. Characterization
of the cell types that surround the microgels would be necessary to understand the
foreign body response that these delivery vehicles elicit.
6.2.2 In vivo localization of WYR-functionalized PEG microgels via magnetic reso-
nance imaging
The localization of cartilage-binding microgels after intra-articular injection via his-
tology demonstrated to be challenging. As evidenced by the images shown in
Chapter 5 (Figure 5.5), microgels could not be seen in paraffin sections, instead
the spaces that were occupied by trapped hydrogels were observed in the synovial
membrane. This could happen due to the use of dehydrating solvents and high
temperature during paraffin processing that cause hydrogel damage and shrink-
age. WYR-conjugated microgel would remain attached to the articular cartilage in
the interface with the synovial fluid, but would not be embedded in a tissue. There-
fore, these microgels would be prone to removal and damage throughout histology
processing, making it very difficult to determine their original in vivo location in the
intra-articular space.
To better evaluate whether WYR-functionalized microgels are able to bind the
articular cartilage and if they preferentially bind damaged areas, in vivo imaging
tools may be more adequate techniques. Hu et al. conjugated WYR peptide to a
magnetic resonance imaging (MRI) contrast agent for in vivo evaluation of hyper-
throphic cartilage lesions in a rat model of OA [88]. These kind of mechanisms
could be used to assess the in vivo, longitudinal location of WYR-functionalized
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PEG microgels. This delivery vehicles could be engineered to either be conju-
gated or loaded with a gadolimium-based MRI contrast agent such as the one
used by Hu, Et. al. This could allow the localization of WYR microgels, which
could be correlated with areas of damaged cartilage recognized using end-point
EPIC µCT analysis. This study would offer a more reliable and sensitive technique
to determine the in vivo location of WYR-functionalized PEG microgels.
6.2.3 Effect of WYR-functionalized PEG microgels on drug delivery, penetration
and retention into articular cartilage
Ideally, the delivery of drugs that target processes in the chondrocytes for OA treat-
ment should be released inside the articular cartilage. To do so, the most effective
approaches involve the use of cartilage targeting drug-loaded nanoparticles with
a diameter of around 10 nm [132]. However, Ambika et al. suggest that surface-
binding non-penetrating particles could improve intra-cartilage drug delivery com-
pared to non-binding free-floating systems [131].
To better understand how WYR-functionalized PEG microgels could delivery
small molecule drugs into the articular cartilage, drug penetration and retention
assays could be conducted in vitro using bovine articular cartilage explants [132,
87]. A neutrally charged fluorescent probe such Cy3 [144] could be used as model
small molecule drug. This fluorophore could be loaded into PEG microgels using a
light sensitive liposome system [145]. Then, Cy3-loaded WYR-microgels would be
compared to non-binding WYRsc-functionalized microgels for their ability to pro-
mote Cy3 penetration into bovine articular cartilage following procedures reported
by Brown, Et. al. Briefly, cartilage explants could be incubated with microgel for-
mulations for 30 min to allow WYR-conjugated microspheres to bind to the tissue.
Then, burst release of Cy3 from the liposomes could be induced using light and
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the small molecule would be allow to penetrate into the cartilage for 1h. Then, ex-
plants would be washed and the concentration of retained dye could be analyzed
via spectrophotometry after cartilage explants digestion. This study would allow to
determine if incorporating targeting moieties into non-penetrating microgels could
improve drug bio-availability into the cartilage compared to non-targeting micro-
gels.
6.2.4 Evaluation of the efficacy of peptide-functionalized PEG microgels as intra-ar-
ticular drug delivery systems for OA treatment
The results presented in this dissertation provided deep characterization of the
engineered delivery system. Thus, all the studies were conducted using model
small molecules. To evaluate if the proposed system could be a promising strat-
egy for tissue-specific delivery and prolonged intra-articular drug retention for OA
treatment, an efficacy study should be conducted using a therapeutic molecule.
For instance, the pro-chondrogenic drug Kartogenin (KGN), could be loaded into
WYR-functionalized PEG microgels to assess its effect on OA progression in the
rat MMT model. As a proof of concept, saline or KGN could be delivered intra-
articularly as free drug or encapsulated in WYR or WYRsc-microgels to evaluate if
the targeting peptide incorporation has a beneficial effect. Injection can be done 1
day after MMT surgery and the effect on the articular cartilage could be assessed
via EPIC µCT 3 weeks after injection. Also, to determine if the targeting strategy
prevents KGN from inducing synovium or ligaments chondrogenesis, a known off-
target effect of this small molecule drug, these tissues could be harvested and an-
alyze for markers of chondrogenesis via ELISA and IHC. This study could provide
solid information regarding the effectiveness of WYR-microgels as tissue-targeting
drug delivery vehicles for the treatment of OA.
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6.3 Clinical Translation
The ultimate goal of this thesis is to engineer an intra-articular drug delivery system
able to overcome some of the limitations that have hindered the clinical translation
of several DMOAD candidates. The composite microgels presented in this thesis
may help improve the therapeutic efficacy of these drug candidates by increasing
their intra-articular retention time and possibly localizing them into the tissues of
interest.
It is well known in the field that free drugs administered via intra-articular injec-
tion are rapidly cleared from the joint space, which prevents drugs from reach-
ing therapeutically effective concentrations and prolonged times to exert a sig-
nificant effect [7]. However, according to the clinical trials database run by the
United States National Library of Medicine (NLM) at the National Institutes of
Health (NIH) [146], most clinical trials evaluating the intra-articular injection of ther-
apeutics use these compounds as free drug formulations (Table 6.1). The only
biomaterial-based drug delivery vehicles explored in the clinic are hyaluronic acid
(HA) and PLGA microparticles. Additionally, it is worth noticing that although sev-
eral DMOAD are being evaluated, most clinical studies for this type of molecules
fail to progress into Phase 3 clinical studies, with the exception of Samumed LLC.
(Lorecivivint) and Bone Therapeutics (JTA-004), which are currently recruiting pa-
tients to evaluate their formulations in a phase 3 clinical study. These observations
not only evidence the need to develop effective DMOAD, but also highlight the lack
of clinical research to evaluate the potential use of drug delivery systems to en-


































Similar to the studies presented in this dissertation, most research on IA drug
delivery vehicles is limited to the characterization of these systems and their eval-
uation in pre-clinical animal studies using model drugs or NSAIDs [147, 63, 142,
71, 6, 148, 67]. However, few studies have coupled the use of IA drug delivery sys-
tems with DMOADs [149, 58, 75]. Additionally, the discovery of novel therapeutic
compounds for OA treatment is mostly done by pharmaceutical companies, which
sponsor clinical trials that do not use appropriate IA drug delivery vehicles [146]
(Table 6.1).
Therefore, the first step towards the clinical translation of the composite PEG
microgels presented in this dissertation is to establish collaborations with research
labs or pharmaceutical companies that produce DMOADs. This could allow to in-
vestigate whether the sustained release profile and prolonged IA retention offered
by drug delivery vehicles could improve DMOADs’ therapeutic effect, specially of
those drugs that failed to show significant improvements during clinical investiga-
tion.
The coupling of drug delivery systems research with investigational DMOADs
would also require better characterization techniques to determine the effect of
these drugs in small and large animal models of OA. This includes the use and
standardization of functional outcome measures such as radiographic or MRI anal-
ysis of OA progression, gait analysis, pain assessment and more traditional ex vivo
evaluation techniques such as OARSI scoring via histology analysis and EPIC-µCT
[150, 151, 140]. Moreover, in order to determine whether tissue-binding PEG mi-
crogels offer a beneficial tissue-localized drug delivery, a deeper pre-clinical char-
acterization of drug effects on different IA tissues would be required. In this regard,
techniques such as localized tissue-specific gene expression analysis have been
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used to elucidate the mechanisms of action of DMOAD [152] and could provide
strong bases to determine if tissue-binding drug delivery vehicles, like those pro-
posed in this dissertation, can minimize drugs’ off-target effects.
Once pre-clinical studies using actual DMOADs show promising results, clini-
cal trials for the combination product (delivery vehicle + drug) could be conducted
to determine its safety and efficacy. Overall, the peptide-functionalized nanocom-
posite PEG microgels presented in this thesis supported model small molecule
sustained release and prolonged IA retention in a rat model of OA without inducing
degenerative changes in the joint, which evidence their potential use as IA delivery
systems. However, their clinical translation would require further pre-clinical char-
acterization using investigational DMOADs to determine if their use can improve
drug’s therapeutic efficacy and minimize potential off-target effects.
6.4 Conclusions
The results presented in this dissertation provide basis for future investigation of
the potential use of peptide-functionalized PEG microgels as intra-articular target-
ing drug delivery systems for OA treatment. Future studies on the mechanisms
involved in targeting and material binding-induced inflammation in the synovial
membrane, drug penetration into the tissues of interest and the standardization of
better in vivo microgels localization techniques, could provide important informa-
tion for the improvement of peptide-conjugated PEG microgels. Further character-
ization of this system and its optimization could facilitate the translation of current
drug candidates that have failed to show a relevant improvement in clinical stud-







A.1 Optimal cutting temperature (OCT) embedding of tissue samples con-
taining PEG microgels
After tissue samples were fixed and decalcified, they were embedded in OCT using
the following protocol.
1. Place the rat knee joints in 15 mL falcon tubes containing 3 mL of 5% sucrose
(dissolved in PBS with calcium and magnesium) and vacuum infiltrate for 1
hour.
2. Add 1.5 mL of 20% sucrose, mix by hand agitation or shaker table for 1 min
to obtain a final concentration of 10% sucrose. Vacuum infiltrate for 30 min.
3. Add 1.5 mL of 20% sucrose, mix by hand agitation or shaker table for 1 min
to obtain a final concentration of 12.5% sucrose. Vacuum infiltrate for 30 min.
4. Add 3 mL of 20% sucrose, mix by hand agitation or shaker table for 1 min to
obtain a final concentration of 15% sucrose. Vacuum infiltrate for 30 min.
5. Place the samples into 3 mL of 20% sucrose:OCT (4:1) solution and vacuum
infiltrate for 1 hour.
6. Place the samples into 3 mL of 20% sucrose:OCT (3:1) solution and vacuum
infiltrate for 1 hour.
7. Place the samples into 3 mL of 20% sucrose:OCT (2:1) solution and vacuum
infiltrate for 1 hour.
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8. Place the samples into 3 mL of 20% sucrose:OCT (1:1) solution and vacuum
infiltrate for 1 hour.
9. Place the samples into 3 mL of 20% sucrose:OCT (1:2) solution and vacuum
infiltrate overnight.
After OCT infiltration, for each sample, 20% sucrose:OCT (1:2) solution was
poured into a cryomold to form a layer of approximately 2 mm. The mold was
placed in a -20°C freezer for 3-5 min to allow this OCT layer to harden, but not
completely freeze. Then, to prevent bubbles formation around the sample, an ad-
ditional thin layer of 20% sucrose:OCT (1:2) solution was added into the mold and
the sample was placed on top of the unfrozen layer. Holding the rat knee joint in the
desired position, the bottom of the cryomold was submerged into liquid nitrogen for
5 seconds to prevent sample from moving or rotating. Finally, the knee joint was
covered with 20% sucrose:OCT (1:2) solution and the cryomold submerged into
liquid nitrogen again until OCT hardened. Samples were kept in a -80°C freezer
until ready to be sectioned.
A.2 PLGA nanoparticles distribution in PEG microgels
The encapsulation of PLGA nanoparticles into PEG microgels is not homoge-
neous, primarily due to aggregation of the polymeric nanoparticles. Therefore,
to measure the distribution of the encapsulated PLGA particles into the microgels,
a Matlab script was used to calculate what percentage of the cross-sectional area
of each microgel corresponds to PLGA fluorescent nanoparticles. This was calcu-
lated for every microgel present in 6 confocal images per experimental group. The
Matlab script used to calculate this parameter first reads the brightfield and fluo-
rescent confocal images and finds the microgels present using the built-in function
imfindcircles as shown bellow.
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%% Read confocal BF images




grayImage = rgb2gray(bfImage); % Transform image into gray
scale




%% Read fluorescence channel
fluorImage = imread('Fluorescence_Image_Name.JPG');
redChannel= fluorImage (:,:,1);
[xDim ,yDim]=size(bfSharpen); % Image dimensions
%% Find the gels. Use 'Dark ' parmeter since gels edges are
darker than background
% Adjust radius ,sensitivity and edge threshold accordingly.
[centers ,radii] = imfindcircles(bfSharpen2 ,[12 17], ...
'ObjectPolarity ','Dark ','Sensitivity ' ,0.9728,'EdgeThreshold
' ,0.085);
figure
imshow(bfImage) % Show bright field image
title('Bright Field ')
figure
imshow(fluorImage) % Show red channel image
title('Red Channel ')
figure
imshow(bfSharpen2) % Show processed bright field
title('Processed Image ')
figure
imshow(bfSharpen2) % Show processed bright field with found
circles
hBright = viscircles(centers , radii ,'Color ','b','LineWidth '
, 1);
title('Found circles ')
Figure A.1 shows the imaging processing and intermediate steps used to find
the microgels in the confocal images. After the circles have been found, the PLGA
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nanoparticles area in each microgel is calculated using the following script, which
utilizes the open source function createCirclesMask.m [153].
%% Create a mask for each microgel and calculate
fluorescent area
numberCircles = numel(radii); % Number of found microgels
areaFrequency = zeros(numberCircles ,1); % Vector containing
the flourescent area (%) for each microgel
for i = 1: numberCircles
% Create a binary mask for circle number i: Pixels
within the circle
% are white (1) in a black (0) background.
mask = createCirclesMask ([xDim ,yDim],centers(i,:),radii
(i));
% Calculate total of pixels inside circle number i
white_pixels_index = find(mask == 1);
microgel_total_area = numel(white_pixels_index);
% Binarize red channel image with a threshold of 50 in
a 0-255 scale
fluorPixels = find(redChannel > 50);
bwFluorImage = zeros(xDim ,yDim);
bwFluorImage(fluorPixels) = 1;
% Find total of fluorescent pixels inside the circle of
interest
singleGel = times(bwFluorImage ,mask); % Multiply mask
and binarized fluorescence image





areaFrequency(i) = percentage_fluorescence_area; % Add
the fluorecence area (%) for earch microgel in the
vector areaFrequency
end
Finally, the script gives a vector (areaFrequency) containing the microgel area
percentage that corresponds to encapsulated PLGA nanoparticles for each gel
present in the confocal image. After analyzing all the images in each experimental
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group, the histogram of the fluorescent area distribution was plot using GraphPad
Prism.
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Figure A.1: PLGA nanoparticle distribution in PEG microgels: Image processing. In
the first row the bright field and fluorescence confocal images are shown. Then, the bright
field image is processed to make the microgels borders more evident. Finally, microgels




B.1 Self-quenching effect in cyanine dyes
Self-quenching effect refers to a phenomenon when aggregation of fluorescence
dye molecules results in up to 90% reduction on their brightness [154]. This repre-
sents a concern when preparing probes for in vivo imaging through the conjugation
of cyanine dyes to molecules with multiple labeling sites, such as proteins and pep-
tides. When the conjugation sites are located close to each other, dye molecules
cluster leading to a significant energy transfer between them, resulting in severe
quenching [154]. Additionally, when conjugated to a molecular probe, dye aggrega-
tion is also controlled by the solvent. Liquids like water have lower solvation power
for hydrophobic dyes such as cyanine 7, compared to organic solvents. Therefore,
aggregation and consequently self-quenching can be reduced by using a better
solvent [154].
This effect could explain why WYR-functionalized microgels presented a signif-
icant increase in fluorescence intensity one day after intra-articular injection (Fig-
ure5.2). Cyanine 7-NHS ester was conjugated to amine-containing residues in
the peptide sequence. Both WYR and HAP-1 peptides have two possible label-
ing sites, but in WYR peptide these residues are closer to each other than those
of HAP-1. Therefore, Cy7 molecules conjugated to WYR would tend to cluster in
a greater extent compared to HAP-1. We hypothesized that WYR-functionalized
microgels will present a greater self-quenching effect compared to that of HAP-1
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conjugated microgels. Also, diluting or placing both peptide-functionalized micro-
gels into a better solvent will result in an increases in fluorescence intensity, which
will be more pronounced in WYR-functionalized microgels.
To test this hypothesis and find an better explain the increase in fluorescence
intensity seen on the in vivo microgel tracking study, we recapitulated the intra-
articular injection procedure in an in vitro setting. The fluorescence intensity of
microgels formulations functionalized with either Cy7-HAP-1 or Cy7-WYR pep-
tides (n=4) was measured using an in vivo imaging system (IVIS). These formu-
lations were equivalent to those used on in vivo studies (6µL of PEG in 50µL of
saline). Then, intra-articular injection was simulated by mixing 50 µL of peptide-
functionalized microgels with 50µL of 1% BSA or saline as a control. Fluorescence
intensity was measured immediately after microgels dilution in saline or 1% BSA
and every 20 min for a period of 100 min.
Figure B.1 shows that HAP-1 functionalized microgels, when diluted in saline,
exhibit a fluorescence radiant efficiency similar to the one before mixing. In con-
trast, WYR-functionalized microgels diluted in saline presented a slight increase
in fluorescence intensity after mixing with saline. If self-quenching effect was not
present, diluting a fluorescent dye will result in a decrease in radiant efficiency
proportional to the dilution factor. However, this was not the case in this exper-
iment, suggesting that both HAP-1 and WYR experimental groups exhibit some
Cy7 molecular clustering that leads to self-quenching at higher dye concentra-
tions. When microgels were diluted in 1% BSA, both formulations exhibited an
increase in the fluorescence radiant efficiency that stabilizes over time, which was
more pronounced in the WYR group. Consistent with our hypothesis, increasing
the solvation power by adding BSA into the solvent, resulted in a higher fluores-
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cence signal compared to only diluting the samples in saline. The fact that this ef-
fect was greater in WYR-functionalized microgels suggests that the dye molecule
aggregation is higher in Cy7-WYR compared to Cy7-HAP-1, resulting in higher
self-quenching effect.
Figure B.1: Cyanine 7 self-quenching effect. An apparent increase in radiant efficiency
is observed in peptide-functionalized samples dissolved in BSA compared to saline. This
effect is more pronounced in WYR microgels suggesting that Cy7 molecules conjugated
to this peptide present a higher degree of self-aggregation and therefore, a higher level of
self-quenching than HAP-1 microgels.
The synovial fluid, similar to the 1% BSA condition in this experiment, is a bet-
ter solvent compared to saline due to its protein and glycosaminoglycan content.
Additionally, according to these results, the increase in fluorescence intensity does
not occur immediately after microgels dilution in saline or 1% BSA, in contrast, this
process takes around 2 h. Considering that in the in vivo microgels tracking study,
the initial radiant efficiency measurement was taken immediately after injection,
we did not capture the increase in the fluorescence signal at day zero. This ex-
plains the increase in fluorescence intensity observed one day after intra-articular
injection, specially in the WYR-functionalized microgels group.
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B.2 Cyanine 7 release profile
Figure B.2 shows the in vitro release profile of Cy7 in 1% BSA. Consistent with the
results presented in chapter 3, the small molecule release from nano-composite
PEG-4MAL microgels is controlled by PLGA NPs. Therefore, microgels exhibit a
release profile comparable to that of PLGA NPs alone, where over 80% of Cy7 is
released by day 5.
Figure B.2: Cyanine 7 release profile. Nano-composite microgels exhibit a Cy7 release
profile similar to that of Cy7-loaded PLGA NPs alone.
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